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ABSTRACT 
 
 
Increasing environmental concerns over the use of cyanide for gold recovery 
enable researchers to determine and evaluate alternative reagents for many years. 
Thiosulfate leaching appears to be one of the most promising alternatives to 
cyanidation. Understanding gold thiosulfate leaching system plays a crucial role 
in order to effectively extract gold, in which the kinetics and equilibrium 
adsorption of thiosulfate, polythionates, gold thiosulfate and copper onto resin in 
resin-solution systems are taken into account. Process models associated with the 
adsorption of the species in resin-solution are also needed, which can be 
developed using experimental data, physical and chemical principles. 
 
Experimental and modelling work for gold thiosulfate leaching system have been 
conducted in this study. The adsorption of thiosulfate, polythionates, gold 
thiosulfate and copper complexes onto strong based anion exchange resin of 
Purolite A500/2788 in single and multiple components resin-solution systems, has 
been investigated. The experimental procedures and speciation methods for the 
adsorption of thiosulfate, polythionates, gold thiosulfate and copper complexes on 
the resin in non-ammoniacal resin-solution (NARS) systems are proposed. As a 
result, the kinetics constants for the adsorption of thiosulfate, trithionate, 
tetrathionate and gold thiosulfate onto the resin in the single component NARS 
systems are obtained using the experimental data, the fitting of Lagergren and Ho 
model, and the numerical method of Levenberg-Marquardt. The resin capacity 
and the adsorption intensity of species on the resin are also determined using the 
equilibrium experiment data, Langmuir and Freundlich models and the numerical 
method. 
 
The effects of thiosulfate and polythionates in solution on the adsorption isotherm 
of gold thiosulfate in the multiple components NARS systems are investigated. 
The result shows that the more thiosulfate concentration in solution at 
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equilibrium, the greater amount of gold thiosulfate adsorbed on the resin. 
Interestingly, the degradation of thiosulfate does not occur in the multiple 
components NARS systems. Diminishing the polythionates concentration in 
solution increases the gold thiosulfate loading in the multiple components NARS 
systems. Trithionate is likely loaded on the resin very well together with gold 
thiosulfate, and increasing the trithionate concentration in solution results in the 
greater amount of gold thiosulfate adsorbed on the resin. The loading affinity of 
gold thiosulfate increases with the decrease in the equilibrium concentration of 
tetrathionate on the resin. Overall, all the polythionates and gold thiosulfate are 
simultaneously adsorbed on the resin and compete with one another to occupy the 
available charge on the resin. 
 
The result for the adsorption of thiosulfate and copper complexes on the resin in 
the multiple components resin-solution systems suggests that degassing the 
systems with nitrogen is needed to increase the total copper complexes adsorbed 
on the resin. The total copper complexes adsorbed on the resin exponentially 
decreases with the increase of thiosulfate concentration in solution Meanwhile, 
increasing ammonia in the solution results in the diminishing total copper 
complexes on the resin. As the solution pH of systems is maintained by the 
ammonia solution added in the system, the same effect of ammonia on the total 
copper complexes on the resin is also shown. It is highly noticed that much better 
adsorption of copper on the resin is determined in the systems without the 
addition of ammonia solution.  
 
This study also proposed reaction mechanisms for the equilibrium adsorption 
phenomena of thiosulfate, polythionates, gold thiosulfate and copper complexes in 
multiple components resin-solution systems. As a result, equilibrium constants 
associated with the proposed reactions in the multiple components NARS systems 
for gold thiosulfate complexes are analytically solved using the experimental data. 
In addition to this, the competitive adsorption of thiosulfate, polythionates and 
gold thiosulfate adsorbed on the resin are simply emphasized. Meanwhile, the 
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equilibrium constants associated with the proposed reactions in the multiple 
components resin-solution systems for copper thiosulfate complexes are 
numerically solved using Newton Raphson method. As the outcome, the dynamic 
exponential decrease of total copper complexes adsorbed on the resin is easily 
described and the most dominant copper complexes species in solution and on the 
resin are captured.  
 
Novel dynamic models describing the adsorption kinetics and equilibrium of 
thiosulfate, trithionate, tetrathionate and gold thiosulfate in non-ammoniacal resin-
solution (NARS) system are mechanistically developed in this study. The models 
can be utilised to predict the amount of species adsorbed on the resin over time 
and at the equilibrium. The common Lagergren, Ho, Langmuir and Freundlich 
equations are taken into account to compare the developed models. Hence, the 
kinetics rate constants of thiosulfate, trithionate, tetrathionate and gold thiosulfate 
adsorbed on the resin and the parameters for the adsorption isotherm are obtained. 
Overall, the model-based results are in good agreement with the experimental-
based results. 
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NOMENCLATURE 
 
 
The following is a list of symbols used in this thesis. The other symbols which are 
not in the list, are directly explained following the formulas in the thesis. 
 
Symbol Dimension 
 
Explanation 
Ce (mg/L),  (g/L), 
(M), (mol/               
L solution) 
Equilibrium concentration of species in solution  
RCP  is  
(eq/L) Capacity of resin 
( )Sc e  
(-) Charge of counter ion (species) in solution being 
adsorbed on resin 
( )Rc e  
(+) Charge of each site on resin when 1 mol of electron 
centre of resin being released from resin  
K  Equilibrium constant of associated with the 
chemical exchange equilibrium relations within the 
resin, thiosulfate, polythionates (trithionate, 
tetrathionate and pentathionate), gold thiosulfate 
and copper complexes in resin-solution systems. 
k (/min) (/s) Kinetic decay rate constant of species diminished 
from the solution, or being adsorbed on resin in 
resin-solution systems. 
KF (g species/    
kg dry resin) 
The over-all adsorption capacity of Freundlich 
 
KL (L solution/    
g species) 
The adsorption equilibrium constant of Langmuir 
 mR (kg), (g) Mass of dry resin 
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n  The adsorption intensity of species 
t (min) (s) Time 
te (min), (s) Time required to attain an equilibrium state  
( )Q t  (g species/   
kg dry resin) 
Amount of species adsorbed on resin over time 
eQ  (g species/   
kg dry resin) 
Amount of species adsorbed on resin at the 
equilibrium 
mQ  (g species/      
kg dry resin) 
Maximum amount of species adsorbed on resin at 
the equilibrium 
SV  
(L), (mL) Volume of solution 
RV  
(L), (mL) Volume of resin 
WD   A sum of weighted deviation square between the 
experimental results and model results 
 XS(t) (M)                
(mol/             
L solution)  
Concentration of species in solution over time 
 
XSe (M)                
(mol/             
L solution) 
Equilibrium concentration of species in solution 
( )sX  (M)                
(mol/             
L solution) 
Equilibrium concentration of species in solution 
 XR(t) (M)                
(mol/ L resin) 
Concentration of species on resin over time 
 
XRe (M)                
(mol/ L resin) 
Equilibrium concentration of species on resin 
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GLOSSARY OF TERMS 
 
 
Adsorption The accumulation of gases, liquids, or solutes on the 
surface of a solid or liquid. In this thesis, adsorption refers 
to the accumulation of anions (solutes of thiosulfate, 
polythionates, gold thiosulfate and cooper) on the surface 
of resin (solid), which is classified as a physical adsorption. 
Adsorption 
Capacity 
Maximum amount of adsorbate per unit mass of adsorbent. 
Adsorption 
Intensity 
The strength of adsorbate being adsorbed on the adsorbent. 
Adsorption 
Isotherm 
Given adsorption data in a curve relating the concentration 
of a solute on the surface of an adsorbent, to the 
concentration of the solute in the liquid, by which the mass 
of adsorbate per unit mass of adsorbent at equilibrium and 
at a given temperature is presented. 
Analytical 
Method 
Purely mathematical methods that do not require iteration. 
Anion Negatively charged ion. 
Anion exchange 
resin  
A resin of synthetic cross-linked polymers which have 
negatively charged ions attached to the side-groups of the 
resin. Different anions in the solution displace these 
attached anions from the resin as the exchange process of 
adsorption. 
Dynamic model Model expressing the behaviour of the system over time. 
Equilibrium A consistent ratio between a substance and a reactant. 
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Kinetics The branch of chemistry concerned with measuring and 
studying the rates of chemical reactions. In this thesis, the 
main aim of kinetics study is to determine the mechanism 
of reactions by obtaining the rate of adsorption species on 
resin under the concentration of species. 
Leaching A process used in mineral processing to extract metals 
from ores by dissolving the metal into a solution in contact 
with the crushed ore. There are different types of leaching 
such as cyanide leaching of gold, thiosulfate leaching of 
gold, and bacterial or bioleaching of sulfide minerals. 
Loading A process that allows the adsorption of species onto resin 
in resin-solution systems. 
Numerical 
Method 
Iterative methods of solving problems on a computer 
Solution A mixture containing a liquid and a solid. 
Stripping A process that allows the desorption of species from resin 
in resin-solution systems 
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CHAPTER 1 
Overview and Thesis Objectives 
 
1.1 Background 
 
Gold is a metallic chemical element with the symbol Au (from the Latin aurum), a 
heavy, dense, soft, shiny and the most highly ductile and malleable metal. Pure 
gold has a bright yellow color, traditionally considered attractive, and it has been 
the most precious metal in human history. It is chemically unaffected by air, 
moisture and most corrosive reagents. It is therefore used in the manufacture of 
coins, jewellery, alloys, dentistry, electronics, etc. 
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Figure 1.1 Annual world gold productions from 1990 to 2007 presented by 
U.S. Geological Survey (2008) 
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Gold production has been slightly raised since the introduction of carbon in pulp 
(CIP) process in the 1980’s for the gold recovery using cyanide lead. World mine 
production of gold in 2007 fell slightly to 2,380 tonnes from 2,600 tonnes in 2001 
as shown in Figure 1.1 (U.S. Geological Survey, 2008). Australian gold 
production was 246 tonnes in 2007 (Australian Bureau of Statistics, 2008) which 
is still the third largest producer of gold contribution (about 10.3% of the world’s 
production). Meanwhile, China produced 281 tonnes, followed by South Africa 
with 270 tonnes. 
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Figure 1.2 Annual gold productions in Australia from 2003 to 2007 based on 
Australian Bureau of Statistics (2008) 
 
As shown in Figure 1.2, Western Australia produced about 189.1 tonnes to 155 
tonnes from 2003 to 2007, respectively. These numbers are historical records for 
gold production worldwide, which is about 7% and 6.5% of world gold 
production in 2003 and 2007, respectively. It can be also forecasted that Western 
Australia will continuously contribute remarkable worldwide gold production by 
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2013-2014. Australian gold mine production is projected to be 264 by 2011-2012, 
and to be 248 tonnes by 2013-14 (Australian Bureau of Statistics, 2009). 
 
Figure 1.3 Historic gold price, US$/A$ per ounce cited in Government of 
Western Australia (2009) 
 
The average gold price has increased slightly from approximately US$ 290 (A$ 
550) an ounce in 2001 to approximately US$ 910 (A$ 1100) an ounce in 2009, as 
can be seen in Figure 1.3 (Government of Western Australia, 2009). The gold 
price would still increase in coming years due to strong demand for gold bars, 
coins and other product. Moreover, gold is commonly used as a hedge against 
inflation because the gold price has lower inflationary pressure in the short term 
(Australian Bureau of Statistics, 2009). 
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1.2 Motivation and Objectives of Thesis 
 
The project of Thiosulfate Leaching Process for Gold Extraction is motivated by 
the need of resin-in-pulp (RIP) and resin-in-leach (RIL) processes for the 
extraction of gold using thiosulfate (S2O3
2-
) as the leaching reagent. The RIP/RIL 
process is an environmentally-friendly alternative process compared to carbon-in-
pulp (CIP) and carbon-in-leach (CIL) processes for the extraction of gold using 
cyanide. Understanding gold thiosulfate leaching system plays a crucial role in 
order to effectively develop the RIP/RIL process, in which the kinetics and 
equilibrium adsorption of thiosulfate, polythionates, gold thiosulfate and copper 
onto resin in non-ammoniacal resin-solution (NARS) systems are taken into 
account. Process models associated with the leaching and adsorption of the 
species in single component and multiple components in the NARS systems are 
needed. A process model can be developed based on experimental data using 
physical and chemical principles (Riggs, 2001). 
 
Therefore, the overall aim of the thesis is to model the gold thiosulfate leaching 
process. The specific objectives of the thesis are as follows: 
 
a. To provide the experimental procedure for the adsorption of thiosulfate, 
polythionates and gold thiosulfate onto strong based anion exchange resin 
in the single and multiple components of NARS systems. 
b. To investigate the kinetics and equilibrium adsorption of thiosulfate, 
polythionates, gold thiosulfate and the adsorption intensity in the systems. 
c. To obtain the kinetics rate constants for the adsorption of thiosulfate, 
polythionates, gold thiosulfate onto resin in the systems. 
d. To propose the equilibrium reactions in the systems and to obtain the 
equilibrium constants for the adsorption reactions associated with the 
competing species in the systems. 
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e. To highlight the adsorption isotherm of gold thiosulfate on the effect of 
thiosulfate and polythionates in the systems. 
f. To develop the experimental procedure for the adsorption of thiosulfate 
and copper complexes onto strong based anion exchange resin in the 
multiple components resin-solution systems. 
g. To investigate the effects of nitrogen degas, thiosulfate and ammonia 
concentration in solution on the adsorption of total copper complexes on 
resin in the systems. 
h. To propose the model for the equilibrium reactions associated with 
thiosulfate, polythionates and copper complexes in the systems, and 
validate the model using experimental data. 
i. To determine the equilibrium constants for the proposed reactions in the 
systems and to obtain the dominant species of copper complexes in 
solution and on resin connected with the parameters simulation. 
j. To develop dynamic models for kinetics and equilibrium adsorption of 
thiosulfate, polythionates, gold thiosulfate in the NARS, and to validate 
the models using experimental data. 
k. To predict the amount of species adsorbed on resin over time and at the 
equilibrium in the NARS systems. 
l. To obtain the kinetics constant for the adsorption of each species adsorbed 
on resin and to obtain the overall adsorption capacity and intensity based 
on the modelling in the NARS systems. 
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1.3 Scope and Contributions of Thesis 
 
Leaching of gold using thiosulfate reagent relies on the fact that polythionates 
such as trithionate and tetrathionate are commonly generated in the system. 
Investigation on the kinetics of thiosulfate and polythionates in aqueous ammonia 
and alkaline solutions have been done in the previous studies (Byerley et al., 
1973, Rolia and Chakrabarti, 1982, Zhang and Dreisinger, 2002a, Zhang and 
Dreisinger, 2002b). However, the kinetics of thiosulfate, polythionates and gold 
adsorbed on resin has not been presented in the previous studies. Meanwhile, the 
presence of polythionates affects the gold recovery using ion exchange resins 
(Nicol and O'Malley, 2002). Hence, this project highlights the kinetics studies for 
the adsorption of thiosulfate, polythionates and gold thiosulfate by conducting 
experimental and modelling work for single component resin-solution systems. 
 
Ion-exchange resin simultaneously adsorbs thiosulfate, polythionates and gold 
thiosulfate with the charges on the resin’s functional groups with the opposite 
charge (Grosse et al., 2003). Due to the limited number of charge on resin 
presented by the theoretical ion-exchange capacity of resin, and thiosulfate, 
polythionates and gold thiosulfate compete with one another, so adsorption 
isotherms are critical aspect to investigate. This thesis therefore emphasizes the 
kinetics and equilibrium studies for the adsorption of thiosulfate, polythionates 
and gold thiosulfate through experimental and modelling work of multiple 
components resin-solution systems. 
 
Copper is generally found in the gold leaching of complex ores, which is abundant 
in the mineral matrix (Bhappu, 1990, Marsden and House, 1992). It reduces the 
efficiency of gold leaching and consumes additional reagent (Fagan et al., 1997, 
Huang et al., 1997). To lixiviate significant quantities of copper without 
consuming excessive reagent, ammoniacal thiosulfate leaching is typically much 
more economical than cyanidation (Aylmore, 2001). Several studies addressed the 
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chemistry of copper leaching in ammoniacal solution (Langhans et al., 1992, Li et 
al., 1995, Stupko et al., 1998, Breuer and Jeffrey, 2003, Black, 2006). Therefore, 
in addition to the leaching and adsorption of gold, this thesis also provides the 
equilibrium studies for the leaching and adsorption of copper complexes by 
conducting experimental and modelling work of multiple components resin-
solution systems. 
 
Therefore, the contributions of this thesis are: 
 Development of experimental procedures for the kinetics and equilibrium 
adsorption of thiosulfate, polythionates, gold thiosulfate and copper onto 
resin in various resin-solution systems. 
 Development of speciation method to calculate the amount of all species 
adsorbed on resin based on loading and stripping in the systems. 
 Development of kinetics and equilibrium models for the adsorption of 
thiosulfate, polythionates and gold thiosulfate onto resin, and 
establishment of the kinetics and equilibrium constants. 
 Development of equilibrium model for the leaching and adsorption of 
copper complexes in the resin-solution systems, and establishment of the 
equilibrium constants. 
 Experimental-based and model-based investigations for the effects of 
various parameters on the kinetics and equilibrium adsorption of thiosulfate, 
polythionates, gold thiosulfate and copper in various resin-solution 
systems. 
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1.4 Thesis Outline 
 
This thesis focuses on a gold thiosulfate leaching system of gold extraction 
process. In the unit, the adsorption of thiosulfate, polythionates, gold thiosulfate 
and copper take place on strong based anion exchange resin. Thiosulfate leaching 
process for gold extraction is done using experimental data, physical and chemical 
principles to show the adsorption phenomena, establish the kinetics and 
equilibrium constant, and optimize the gold extraction by simulating the models. 
Thus, the reminder of the thesis is organised as follow. 
 
Chapter 2 contains literature review including the history of gold leaching 
processes from the previous ones to the recent ones. 
 
Chapter 3 consists of the presentation of the experimental work related to the 
adsorption of gold thiosulfate complexes in single component resin-solution 
systems. The experimental procedures, speciation method, and results 
highlighting   the adsorption of thiosulfate, polythionates and gold thiosulfate on 
resin in the systems, the kinetics constants and the adsorption intensity of each 
species adsorbed on resin in the systems. 
 
Chapter 4 consists of the presentation of the experimental work related to multiple 
components resin-solution system of gold thiosulfate leaching system. The 
experimental procedures, speciation method, and results highlighting the 
adsorption of thiosulfate, polythionates and gold thiosulafate on resin in the 
systems, the equilibrium constants associated with gold thiosulfate complexes 
reactions and the competitive adsorption of all species in the systems are 
discussed. 
 
  
Chapter 1 
________________________________________________________ 
9 
Chapter 5 consists of the presentation of the experimental work related to copper 
complexes resin-solution systems. The experimental procedures, speciation 
method and results are highlighted in this chapter. 
 
Model developments of the copper complexes resin-solution systems, proposing 
reaction mechanism, speciation method and the validation are presented in 
Chapter 6. The equilibrium constants associated with the proposed reaction 
mechanism are also addressed in this chapter. 
 
Model developments of the kinetics and equilibrium models for the adsorption of 
single component and multiple components in resin-solution system are presented 
in Chapter 7. The kinetics and equilibrium constants and model simulations are 
addressed in this chapter. 
 
To conclude this thesis, the conclusions and recommendations are given in 
Chapter 8. The appendixes contain the additional and supporting information for 
Chapter 3 to Chapter 7. 
 
Figure 1.4 illustrates the link among numerous chapters of the thesis. 
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CHAPTER 1 
Overview and 
 Thesis Objectives 
CHAPTER 2 
Literature 
 Review 
CHAPTER 3 
Adsorption of Gold Thiosulfate 
Complexes in Single Component 
Resin-Solution Systems 
CHAPTER 4 
Adsorption of Gold Thiosulfate 
Complexes in Multiple 
Components Resin-Solution Systems 
CHAPTER 5 
Adsorption of Copper 
Complexes in Multiple Components 
 Resin-Solution Systems 
CHAPTER 6 
Modelling Copper Complexes 
 in Multiple Components  
Resin-Solution Systems 
CHAPTER 7 
Modelling the Adsorption of  
Thiosulfate, Polythionates and Gold Thiosulfate 
 in Non-Ammoniacal Resin-Solution Systems 
.2 Experimental  
Methods 
.1 Introduction .3 Results and Discussion .4 Conclusions 
1.2 Motivation and 
Objectives of Thesis 
of Project 
1.1 Background 1.3 Scope and Contributions of 
Thesis 
World gold production 
Australia gold 
production 
Historic gold price 
To understand gold thiosulfate leaching system 
To develop experimental procedures 
To investigate the adsorption of species on resin 
To obtain kinetics and equilibrium parameters 
To model the adsorption in resin-solution systems 
Kinetics and equilibrium studies  of resin-solution systems 
Experimental procedures of resin-solution systems 
Effects of parameters on the adsorption of species on resin 
Kinetics rate constants and equilibrium constants 
Kinetics model and equilibrium model 
1.4 Thesis Outline 
2.1 Cyanidation for Gold Extraction 2.2 Alternative Lixiviants to Cyanidation for Gold Extraction 2.3 Electrochemical Oxidation of Thiosulfate 
2.4 Oxidation of Gold in Ammonium Thiosulfate Solution 2.6 Modelling Approaches in Gold Leaching Systems 
Thiosulfate leaching 
for the gold extraction 
Non-ammoniacal resin- 
solution (NARS) systems 
are needed to investigate. 
Initial work is on single 
component NARS system. 
Apparatus and chemicals 
Procedures 
Kinetics adsorption 
Equilibrium adsorption 
adsorption 
1st Reaction mechanism of NARS system 
Speciation Method/ Formulas 
Kinetics and equilibrium adsorption 
Kinetics rate constants 
Competitive of Chloride 
of Purolite A500/2788 
Langmuir and Freundlich 
parameters 
Thiosulfate degradation in 
ammoniacal thiosulfate 
leaching system 
Multiple components NARS 
systems are investigated. 
Apparatus and chemicals 
Procedures 
Two components NARS systems 
Multiple components NARS systems 
2nd Reaction mechanism of NARS system 
Adsorption isotherm of all species 
Formulas associated with equilibrium constants 
No thiosulfate degradation 
in the NARS systems 
Effects of thiosulfate  
and polythionates 
on the adsorption of gold 
Equilibrium constants 
Thiosulfate leaching 
for the copper extraction 
Multiple component resin- 
solution systems 
are needed to investigate. 
Limited studies using resin 
Apparatus and chemicals 
Procedures 
The systems without ammonia 
The systems with ammonia 
Considering nitrogen degas 
Copper on resin by nitrogen degas 
Copper on resin by thiosulfate, ammonia and pH 
Adsorption isotherm of copper  
Nitrogen degas 
required Effects of thiosulfate, ammonia 
and pH on the adsorption of 
gold 
Non-ammoniacal is 
recommended. 
.2 Modelling Approach 
.3 Experimental Data 
.1 Introduction .4 Results and Discussion .5 Conclusions 
Copper complexes in 
thiosulfate leaching 
Modelling studies on 
multiple component 
resin-solution systems 
are limited 
Reaction mechanism of copper 
 complexes in solution and on resin 
Numerical approach 
Using Newton-Raphson 
Experimental data from Chapter 5 
Copper on resin by thiosulfate, ammonia and pH 
Adsorption isotherm of copper  
Copper complexes in solution and on resin 
Effects of thiosulfate, 
ammonia and pH 
on the adsorption of 
copper 
Non-ammoniacal is 
recommended. 
Equilibrium constants 
Modelling on 
Non-ammoniacal resin- 
solution (NARS) systems 
is limited. 
Dynamic models development 
Analytical approach to solve AE 
Experimental data from Chapter 3 
Kinetics adsorption of species on resin 
Equilibrium adsorption of species on resin 
Kinetics rate constants 
Langmuir and Freundlich 
parameters 
Very good agreements 
CHAPTER 8 
Conclusions and Recommendations 
Kinetics and equilibrium 
models 
2.5 Kinetics of Gold Thiosulfate Leaching 
  
Chapter 2 
________________________________________________________ 
11 
CHAPTER 2 
Literature Review 
 
2.1 Cyanidation for Gold Extraction 
 
Cyanide has been used as a leach reagent at gold mining industries since its value 
as a leach reagent for gold ore treatment was firstly recognized by John Stewart 
MacArthur in 1880 and then patented in 1889. The cyanidation process relies on 
the fact that gold dissolves in aerated cyanide solution to produce the gold cyanide 
complex (MacArthur, 1988). It was developed into a commercial process in 1992 
(Marsden and House, 1992). About 18% of total productions of manufacture 
sodium cyanide are used in mining operations around the world for gold recovery 
purposes (Logsdon et al., 1999). It has significantly been attributed as a leach 
reagent at gold mines due to its high efficiency and has been the most important 
extraction process for the extraction of gold and silver for over 100 years (Young, 
2001). 
 
Even if the cyanidation process is an effective technique, its use has become 
undesirable from an environmental perspective due to the acute toxicity of 
cyanide. In general, the dilute solutions of sodium cyanide (NaCN) are used in 
tank leaching and heap leaching processes at the concentration of 100–500 parts 
per million. Cyanide ions (CN
−
) are active ingredients in the gold leaching 
process. The ions dissolve the gold contained in the ore by the complexion 
reaction (see Equation (2.1)) to form a “pregnant solution”. 
 
4Au + 8CN
-
 + O2 + 2H2O <=> 4Au(CN)2
-
 + 4OH
-
                       (2.1) 
 
The environmental impacts of cyanide as a leach reagent are wide-ranging at gold 
mines around the world. In the most cases, it caused severe environmental 
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problems due to leakage through tears and/or punctures in protective heap leach 
liners, or by spillage from overflowing solution ponds or tailings storage areas. 
Among other cases, it caused severe environmental problems along a 17-mile 
stretch of the Alamosa River of Colorado (USA) in 1992; it released more than 
860 million gallons of cyanide-laden tailings into a major river of Guyana in 
1995; and it caused severe contamination of groundwater of Montana (USA) and 
the substantial wildlife deaths in 1997 (Moran, 1998). 
 
Cyanide can be poisonous to humans and to animal species in extreme quantities 
because it can inhibit human and animal tissues that extract oxygen from the 
blood after it reacts with the iron-carrying enzymes required for cells to use 
oxygen (Miller and Pritsos, 2001). Signs of acute poisoning to livestock, including 
initial muscle tremors, salivation, defecation, urination and laboured breathing, 
usually occur within a couple of minutes, and death can follow quickly (Korte and 
Coulston, 1995, CSIRO, 1998). 
 
The cyanidation process has some disadvantage for the extraction of gold from 
some ore bodies. In order to improve the extraction of gold, additional treatments 
are applied such as pressure oxidation (Koslides and Ciminelli, 1992), ultra-fine 
grinding and electrolytic oxidation process (La Brooy et al., 1994), biological 
oxidation (Mosher and Figueroa, 1996) and roasting (Linge and Welham, 1997). 
In addition, since the leaching rate of gold and silver with cyanide is being 
controlled by the diffusion of oxygen which has limited solubility in water, the 
leaching kinetics is relative slow (Hartman, 1992). The leaching residence time is 
typically more than 1day (Han, 1994, Marsden and House, 2006). 
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2.2 Alternative Lixiviants to Cyanidation for Gold Extraction 
 
A number of reagents has been used as the alternative to cyanidation for the 
extraction of gold, such as halide, thiourea, thiocyanate and thiosulfate. The use of 
halide (chlorine and bromine) systems for gold dissolution pre-dates cyanidation. 
Gold dissolution with chlorine is substantially faster than with cyanide but low 
concentrations of sulphides or other reactive components in the ore can make 
reagent consumption excessive and can reduce AuCl4
−
 back to metallic gold (La 
Brooy et al., 1994). 
 
Thiourea (NH2CSNH2) is used in acid solution as a substitute for cyanide 
processing of Au ores and are becoming increasingly feasible for several reasons. 
The use of ferric ion in sulphuric acid is the most effective system and it improved 
gold extraction when it replaced the cyanide leaching reagent (Pyper and Hendrix, 
1981). Thiourea has low sensitivity to base metals (Pb, Cu, Zn, As) and to residual 
sulphur in calcines. It has high gold recovery from pyrite and chalcopyrite 
concentrates, the recovery of gold from carbonaceous (refractory) is reasonable 
(Yannopoulos, 1991). From environmental prospective, thiourea has a lower 
toxicity and higher rate of gold and silver dissolution than cyanide (Lee et al., 
1997, Ubaldini et al., 1998, Juarez and Dutra, 2000, Swaminathan et al., 1993). 
Although, thiourea is an effective reagent for gold extraction, the consumption of 
thiourea in gold extraction is high, the dissolution rate is low leading to an 
inhibiting coating of sulphur on the surface of the gold particles (Prasad et al., 
1991) and  it is more expensive than cyanide (La Brooy et al., 1994). 
 
Thiocyanate is also an alternative lixiviant or leaching reagent to substitute 
cyanide for the extraction of gold. Correlations between thermodynamic 
calculations and electrochemical are able to demonstrate the participation of this 
reagent in the anodic dissolution of gold (Barbosa-Filho and Monhemius, 1994b). 
The intermediate species (SCN)2 and (SCN)3
-
 play an important role in the 
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mechanism of the dissolution of gold by thiocyanate and it offers the advantage of 
much greater stability against oxidative decomposition (Barbosa-Filho and 
Monhemius, 1994c, Barbosa-Filho and Monhemius, 1994a). Using iodide-
catalysed thiocyanate solutions to leach gold ores from the Dominican Republic, 
the thiocyanate system gave comparable results to the cyanide system, and 
exhibited considerably greater effectiveness than thiourea (Monhemius and Ball, 
1995). More than 95% gold with the degree of 99.2-99.8% is recovered in weak 
acidic solutions (pH=2-5) at KSCN concentration of 0.4 mol/L and the desorption 
of gold from ion exchangers can be done by thiocarbamide solutions in H2SO4 at 
room temperature, and from carbon adsorbents by basic thiocarbamide solutions 
at ~150
o
C (Kholmogorov et al., 2002). 
 
Thiosulfate (S2O3
2−
) which is commercially generated by boiling aqueous solution 
of sulfite with an excess of elemental sulphur (Bailar et al., 1973), is widely used 
in photography, paper industry, pharmaceutical applications, nuclear industry and 
medical research (Dhawale, 1993). It has a low toxicity with a LD50 (dose need to 
kill 50% of a population) of 7.5 ± 0.752 g/ kg for mice. Ammonium thiosulfate 
has also been used as a fertilizer for soils low in sulfur for many decades 
(Aylmore and Muir, 2001). Thiosulfate is relatively cheap and regarded as 
environmentally friendly reagent (Muir and Aylmore, 2004). 
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2.3 Electrochemical Oxidation of Thiosulfate 
 
The electrochemical oxidation of thiosulfate has been investigated since 1932. A 
research on the anodic oxidation of thiosulfate to tetrathionate and sulfate 
concluded that tetrathionate can be obtained in highest yield at platinum electrode 
in neutral solution (pH = 5-7) at high density (0.2 A cm
2
), and thiosulfate is 
oxidized by H2O2 produced at the anode (Glasstone and Hickling, 1932). It was 
reported that thiosulfate is oxidized on gold in neutral solutions in the double 
layer region where the gold is free of oxide layers. The authors have found that 
thiosulfate ions decompose when in contact with gold at open circuit, creating a 
layer of sulphur during the anodic oxidation of thiosulfate, which eventually 
blocks the surface of the gold electrode (Pedraza et al., 1988). 
 
The electrochemical oxidation of gold was firstly conducted (White, 1905) using a 
direct oxidative dissolution of gold metal in an alkaline and near neutral solution 
of thiosulfate. Gold, as well as copper, is recovered from copper bearing sulphidic 
material containing gold (Berezowsky et al., 1978). Gold and silver are recovered 
from difficult-to-treat ores, particularly those containing manganese, by lixiviating 
using an ammonium thiosulfate leach solution containing copper, sufficient 
ammonia to maintain a pH of at least 7.5, and at least 0.05% sulfite ion (Kerley, 
1983). The oxidation of gold in thiosulfate solution is believed to occur according 
to Equation (2.2), and the dissolved oxygen (E
0
 = 0.4 V in alkaline solutions) 
should oxidise gold to gold thiosulfate (Antelman and Harris, 1982). 
 
Au + 2S2O3
2-
  Au(S2O3)2
3-
 + e
-
                                   (2.2) 
 
The steady-state anodic polarization curve for gold in thiosulfate solution at 20 
o
C 
was presented in terms of the dissolution of gold and the anodic oxidation of 
thiosulfate ion (Jiang et al., 1993). The dissolution of Au in aqueous thiosulfate 
solution and the effect of the presence of ammonia in the solution were 
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investigated using voltammetry and electrochemical impedance spectra (EIS) 
methods. As a result, the anodic voltammetric curves of the Au electrode in 
thiosulfate solutions do not indicate the features of Au dissolution. But, the 
passivation of Au is completely eliminated by addition of ammonia into the 
system (Zhu et al., 1994). A rotating electrochemical quartz crystal microbalance 
(REQCM) allows the measurement of mass changes in situ, and thus, the leaching 
rate can be readily obtained for a wide range of solution concentrations (Jeffrey, 
2001). A study using a combination of standard electrochemical techniques and 
the REQCM concluded that copper(II) readily affects the gold oxidation half 
reaction. To achieve appreciable gold oxidation rates, copper(II) concentrations 
that is greater than 2 mM are recommended (Breuer and Jeffrey, 2002). Moreover, 
recent electrochemical results reported that the gold oxidation from a rotating disc 
in a non-ammoniacal solution of potassium thiosulfate was faster than that in 
sodium thiosulfate at the same salt concentration of 0.2 M and at an applied 
potential of 0.25 V, under argon (Chandra and Jeffrey, 2004). 
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2.4 Oxidation of Gold in Ammonium Thiosulfate Solution 
 
Studies on the kinetics and mechanism of oxidation of thiosulfate ion in aqueous 
ammonia solution have been carried out, and established that the rate of oxidation 
and uptake of oxygen is dependent upon the concentration thiosulfate. The rate of 
oxidation and uptake of oxygen is also inversely proportional to ammonia 
concentration (Byerley et al., 1973). The use of ammonium thiosulfate and 
oxygen under pressure to recover gold was proposed to improve the leaching of 
gold (Berezowsky et al., 1978). However, other studies concluded that the use of 
excessive oxygen increases the oxidative degradation of thiosulfate (Hemmati et 
al., 1989, Langhans et al., 1992). 
 
Copper which is generally found in the gold leaching of complex ores (Bhappu, 
1990, Marsden and House, 1992), reduces the efficiency of gold leaching and 
consumes additional reagent (Fagan et al., 1997, Huang et al., 1997). A patented 
process using copper ions and sulfides was developed (Kerley, 1983) to improve 
the leaching of gold. Because copper ions can be catalysts for the oxidation of 
thiosulfate by oxygen or other oxidant, there should only be sufficient copper 
present to maximize the leaching of gold and minimize thiosulfate consumption, 
and this only improves the initial rate of gold extraction  (Zipperian et al., 1988, 
Abbruzzese et al., 1995).  
 
Interestingly, the leaching of gold linearly increases with the Cu(II) concentration 
at low concentration (less than 5 mM) while the higher Cu(II) concentration 
almost does not affect the gold leaching rate. The reaction is dependent on the 
relative concentrations of thiosulfate, ammonia and copper with the recommended 
optimum condition (for standard gold leaching circuits) of   0.4 M thiosulfate, 0.6 
M ammonia and 10 mM copper (Jeffrey et al., 2001). Recent concurrent 
thermodynamic and kinetic analysis of the literature data on gold oxidation by 
ammoniacal Cu(II) solutions  has shown the importance of considering the 
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adsorption of thiosulfate ion onto the gold surface by a sequence of equations 
presented (Senanayake, 2004). Ammoniacal thiosulfate leaching is typically much 
more economical than cyanidation to lixiviate significant quantities of copper 
without consuming excessive reagent (Aylmore, 2001).  
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2.5 Kinetics of Gold Thiosulfate Leaching 
 
A study on the kinetics and mechanism of oxidation of thiosulfate ion in aqueous 
ammonia solution also shows that trithionate is the main oxidation product. This 
result has practical relevance because of the need to limit the concentration of 
these species when recovering gold using resins (Byerley et al., 1975). 
Fundamental studies on the kinetics of decomposition of tetrathionate, trithionate 
and thiosulfate in alkaline solution have shown that at the same time as 
tetrathionate is decomposed by raising the pH to 11, trithionate is more stable and 
requires unacceptably higher pH or temperature to affect decomposition (Rolia 
and Chakrabarti, 1982). 
 
The kinetics of tetrathionate decomposition in strong alkaline solutions deaerated 
with nitrogen has been investigated by means of ion chromatography. The results 
show that the reaction is first order with respect to both tetrathionate and 
hydroxide, and the activation energy of the reaction in the temperature range of 
22-40
o
C is 98.5 kJ mol
-1
 (Zhang and Dreisinger, 2002b). Tetrathionate, as the 
product of thiosulfate oxidation, strongly poisoned the resins in the recovery of 
gold and copper from ammonium thiosulfate (ATS) solutions using anion-
exchange resins (Zhang and Dreisinger, 2002a). The presence of polythionates 
affects the gold recovery using ion exchange resins (Nicol and O'Malley, 2002).  
 
In the latest publication, analytical procedures based on ion chromatography 
utilising an anion exchange column and UV detection are described for the 
quantification of thiosulfate, polythionates and gold thiosulfate both in leach 
solutions and adsorbed on anion exchange resins. One of the results shows that 
tetrathionate and pentathionate are the dominant reaction products from 
thiosulfate oxidation at pH 8.5 and 9, whilst trithionate and sulfate are formed at 
pH 10.4 (Jeffrey and Brunt, 2007). 
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Therefore, the thiosulfate consumption and polyhionates decomposition (which 
results from the oxidation of ammonia in the system) would be the limitation of 
the ammoniacal resin-solution system of the kinetics of gold thiosulfate leaching 
in the previous studies. This limitation will be addressed in this thesis. The 
kinetics of gold thiosulfate leaching and the isotherm adsorption for thiosulfate, 
polythionates and gold thiosulfate in non-ammoniacal resin-solution systems will 
also be obtained. 
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2.6 Modelling Approaches in Gold Leaching Systems 
 
A number of modelling approaches using different mathematical formulations 
have been published in the literature that model gold leaching systems. A variable 
activation energy model was developed using the activation energy equation and 
the Arrhenius expression for chloridization of oxide copper ore and cyanidation of 
gold ore (Brittan, 1975). Mathematical models of leaching reactors using the 
population balance were presented for the pressure leaching of sphalerite and zinc 
(Crundwell and Bryson, 1992, Crundwell, 1995). A mathematical model of 
leaching of gold in cyanide solution was derived using the shrinking-particle 
model where the reaction mechanism is described by the electrochemical model 
(Crundwell and Godorr, 1997). To simulate the transient evolution of the 
dissolved chemical species in the heap and column isothermal leaching processes, 
a model was developed. It can be used to predict the general features of the 
process time evolution despite some bias due to the model simplification (de 
Andrade Lima, 2004). 
 
A number of researchers have attempted to model a carbon-in-pulp (CIP) and 
carbon-in-leach (CIL) processes for the treatment of lower gold grade and 
problematic ore, and for the investigation of operational variables and design. A 
simple empirical model for adsorption, the kn model of Equation (2.3) was 
proposed by Fleming et al. (1980) during the first development of CIP process; 
 
n
o ssy y kC t                                               (2.3) 
 
where yo is the initial concentration of gold on the carbon and y is the 
concentration of gold on the carbon after an adsorption period, t, Css is the 
equilibrium gold concentration in solution,  and k and n are the model parameters. 
Then, Nicol et al. (1984) developed the first CIP/CIL process model, assuming 
that the flow of pulp and carbon are in continuous counter-current mode, and the 
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model presented steady state condition of constant gold concentration at each 
tank. 
 
A dynamic model of CIP/CIL process using population-balance methods was 
presented (Woollacott et al., 1990). A linear kinetic adsorption rate (Dixon et al., 
1978) was used in the Stange CIP model (Stange et al., 1990), and the model 
results were in quite good agreement with actual CIP plant data. The linear 
kinetics adsorption rate is expressed as: 
 
1 1 1 1( )R k C y y Ky                                   (2.4) 
 
where k1 is the rate constant, y1
+
 is the loading capacity of carbon, y1 is the carbon 
loading, C is the species concentration in solution, and K is the model parameter. 
Film and intra-particle diffusions, simultaneous leaching and loading of multi 
components species were incorporated in a CIP model (Liebenberg and van 
Deventer, 1998). A mixer-integer nonlinear programming of mathematical 
models, approach was taken into account to construct and optimize CIP processes 
of gold recovery plants (Kiranoudis et al., 1998). The linear kinetics adsorption by 
Dixon et al. was adopted in the mathematical models.  
 
The most resent dynamic models of CIL process were proposed by van Deventer 
et al. (2004) and de Andrade Lima (2007). Semi-empirical regression network 
kinetic model was developed by van Deventer et al. for the dynamic modelling of 
the carbon-in-leach (CIL) process for gold recovery. A phenomenological model 
for the CIL kinetics with three intrinsic reactions of adsorption, leaching and preg-
robbing (Equations (2.5), (2.6) and (2.7), respectively) were proposed in the 
modelling approach: 
 
1, , ,
6
( )
j i
ij ij ij s c
c c
kf W
F C C
d
                                      (2.5) 
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2, ( )ij j j ij jF kl M G G                                       (2.6) 
3, , ,
6
( )
j i
ij ij ij s o
o o
kp M
F C C
d
                                      (2.7) 
 
where  kfj, klj and kpj represent the adsorptive, leaching and preg-robbing 
coefficients for an adsorbate j; Wi and Mi are the masses of carbon and ore of 
stage i, respectively; Cij,s,c and Cij,s,o are the concentration of component j at the 
activated carbon and ore surface of stage i, respectively; dc and do are the diameter 
of carbon and ore particles of stage i, respectively; and jG  is the refractory, 
unleachable grade of the ore. 
 
A dynamic model of CIL process was numerically solved using a least square 
method such unconstrained optimization method to fit the plant data for 
calibration of the model parameters (de Andrade Lima, 2007). The adsorption 
kinetic used in the dynamic model is typically the same as Dixon et al. model of 
Equation (2.4). 
 
All the kinetics and dynamic models for the adsorption of gold need the 
equilibrium parameters such as the equilibrium concentration of gold in solution 
and the loading capacity of carbon to calculate the concentration of gold on 
carbon. Therefore, development of dynamic models for the adsorption of gold on 
adsorbent in which the model can be used to predict the concentration of gold on 
adsorbent over time before reaching the equilibrium stage is a novel contribution 
of this thesis. 
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CHAPTER 3 
Adsorption of Gold Thiosulfate Complexes in Single Component 
Resin-Solution Systems 
 
3.1 Introduction 
 
The cyanidation process relies on the fact that gold dissolves in aerated cyanide 
solution to produce the gold cyanide complex (MacArthur, 1988). Due to its high 
efficiency, it has been the most important extraction process of gold and silver for 
over 100 years (MacArthur, 1988, Marsden and House, 1992, Logsdon et al., 
1999, Young, 2001). However, its use in certain environments has been restricted 
owing to the acute toxicity of cyanide (Korte and Coulston, 1995, Moran, 1998, 
Miller and Pritsos, 2001). In order to improve the process, additional treatments 
can be adapted when processing refractory ores such as pressure oxidation, ultra-
fine grinding, roasting and biological oxidation (Koslides and Ciminelli, 1992, La 
Brooy et al., 1994, Mosher and Figueroa, 1996, Linge and Welham, 1997). 
Among the alternatives to cyanide (Hilson and Monhemius, 2006), thiosulfate is 
the most promising one because it is environmentally friendly and it is a relatively 
cheap reagent (Muir and Aylmore, 2004). 
 
There have been a number of extensive studies on the leaching of gold with 
thiosulfate (S2O3
2-
). Trithionate and tetrathionate are commonly generated in the 
gold leaching system using thiosulfate reagent. Trithionate is the main oxidation 
product of thiosulfate oxidation in aqueous ammonia solution (Byerley et al., 
1975). Higher pH and temperature of alkaline solution affect the decomposition of 
tetrathionate, trithionate and thiosulfate (Rolia and Chakrabarti, 1982). Zhang and 
Dreisinger (2002a) reported that tetrathionate is the product of thiosulfate 
oxidation in the system with ammonium thiosulfate solutions and anion-exchange 
resins. In addition, the latest research shows that tetrathionate and pentathionate 
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are the dominant reaction products from thiosulfate oxidation at pH 8.5 and 9, 
whilst trithionate and sulfate are formed at pH 10.4 (Jeffrey and Brunt, 2007).  
 
The advantages and problems associated with gold leaching and recovery in 
ammoniacal thiosulfate system with copper(II) were reviewed (Ritchie et al., 
2001, Muir and Aylmore, 2003). The importance of kinetic studies in non-
ammoniacal thiosulfate systems increased the application for recovery of gold (Ji 
et al., 2003). Most research has focused on the rate expressions, various 
equilibriums to interpret the gold oxidation kinetics in which thiosulfate ion of 
S2O3
2− 
present in various salts (Sillen and Martell, 1964, Wang, 1992, Zhang and 
Nicol, 2003, Chandra and Jeffrey, 2004, Senanayake, 2004). However, there is 
still limited study on the kinetics and equilibrium adsorption of thiosulfate, 
polythionates and gold thiosulfate onto resin in single component resin-solution of 
non-ammoniacal systems. Meanwhile, the presence of polythionates affects the 
gold recovery using ion exchange resins (Nicol and O'Malley, 2002).  
 
Therefore, the work in this chapter is mainly aimed to investigate the adsorption 
of thiosulfate, polythionates and gold thiosulfate on strong based anion exchange 
resin in the single component of non-ammoniacal resin-solution systems. The 
specific objectives of the work are: 
 
a. To provide the experimental procedure and speciation method for the 
adsorption of thiosulfate, polythionates and gold thiosulfate adsorptions on 
strong based anion exchange resin in single component resin-solution non-
ammoniacal systems. 
b. To obtain the kinetics constant for the adsorption of each species adsorbed 
on resin in the systems. 
c. To highlight the adsorption intensity of each species adsorbed on resin in 
the systems. 
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3.2 Experimental Methods 
 
All the experimental work for the adsorption of thiosulfate, polythionates and gold 
thiosulfate on strong based anion exchange resin in single component resin-
solution non-ammoniacal systems had been done in the Thiosulfate Laboratory at 
Australian Mineral Research Centre, CSIRO Mineral in Western Australia. 
 
 
3.2.1 Apparatus and Chemicals 
 
A Waters 2695 HPLC separation module was used to analyze the concentrations 
of thiosulfate and polythionates. The separation was achieved using a Dionex 
IonPac AS16 ion exchange column equipped with an IonPac AG16 guard column. 
The mobile phase was a solution of sodium perchlorate (0.075 – 0.2 M). The 
species detection was via a Waters 2996 Photodiode Array Detector (UV). 
Empower software was used for the calculation of peak area (Waters, 2002). 
Details about the mobile solution and the wavelengths of UV adsorption and peak 
retention times of the involved species have been described in the literature 
(Jeffrey and Brunt, 2007). Gold was analysed by inductively coupled plasma 
optical emission spectrometry (ICP-OES). All the thiosulfate and polythionates 
analysis have been done by the PhD candidate of this thesis in the HPLC 
Laboratory at the Australian Mineral Research Centre (see Figure A.3 in 
Appendix A), and all the gold thiosulfate analysis have been done by the staff of 
Analytical Chemistry Unit at the Australian Mineral Research Centre. 
 
All solutions were prepared from either analytical grade or synthesized reagents 
with deionized water. Sodium thiosulfate (Na2S2O3) and sodium tetrathionate 
(Na2S4O6.2H2O), 99% pure was obtained from Aldrich. Sodium trithionate 
(Na2S3O6) was prepared using the methods described by Kelly and Wood (Kelly 
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and Wood, 1994). Trisodium gold thiosulfate salt (Na3Au(S2O3)2.2H2O) was 
prepared and recrystallised using the procedure described by Ruben et al. (2002). 
 
The resin used was Purolite A500/2788 in the chloride form with a macrospore 
structure. This resin has been selected for previous work (Jeffrey and Brunt, 2007, 
Zhang and Dreisinger, 2002a) and was found to be highly efficient for the 
recovery of gold from thiosulfate solutions. The wet form of the resin contained 
53-58 % moisture, the resin capacity is 1.15 meq/mL, and the specific gravity is 
1.08 g/mL (PUROLITE, 2008). 
 
 
3.2.2 Procedures 
 
All the experiments of the adsorption of thiosulfate, polythionates and gold 
thiosulfate on strong based anion exchange resin in single component resin-
solution non-ammoniacal system were conducted at the neutral pH and the 
ambient temperature (~23 C). The concentration on the resin for a particular 
species was calculated from the change in its solution concentration in the system. 
 
A. The Experiments on Kinetics Adsorption 
 
Initially, the kinetics experiment was conducted to generate kinetics data for the 
adsorption of thiosulfate on resin in the system. The steps of the experiments are 
described as follows; 
 
1) Prepare 200 mL of 3 mM Na2S2O3.5H2O (sodium thiosulfate) solution in 
200 mL volumetric flask. 
2) Take 1 mL sample of the solution for HPLC analysis as the loading 
sample at t = 0 minute. 
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3) Prepare 0.333 g resin, and place it in a conical flask. 
4) Place the 199 mL solution in the conical flask to present a resin-solution 
system for the adsorption of thiosulfate onto resin. 
5) Stir it at 155 rpm with IKA overhead stirrers, and start timer for loading. 
6) Take 1 mL samples of the solution for HPLC analysis the loading 
samples at t = 30, 60, 90, 120, 180, and 300 minutes. 
7) After 5 hours loading, decant and wash the resin 4 times with DI water 
into a large vial. Suck the remaining H2O using pipette. 
8) Add 50 mL NaClO4
 
(0.5M) into the vial for the dilution of thiosulfate 
from the resin, shake it at 150 U/minute and start the timer for 30 
minutes of the 1
st
 stripping. 
9) Take 1 mL sample of the solution for HPLC analysis as the 1
st
 stripping 
sample. 
10) Decant and wash the resin 4 times with DI water in the vial. Suck the 
remaining H2O using pipette. 
11) Re-add 50 mL NaClO4
 
(0.5M) into the vial for the dilution of thiosulfate 
from the resin, shake it at 150 U/minute on a Jubalo SW-20C shaker and 
start the timer for 30 minutes of the 2
nd
 stripping. 
12) Take 1 mL sample of the solution for HPLC analysis as the 2
nd
 stripping 
sample. 
13) Decant and wash the resin 4 times with DI water in the vial. Before 
placing the resin in a small glass vial, measure the empty vial mass. 
14) Place the resin in a small glass vial, and suck the remaining H2O using 
pipette. 
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15) Dry the resin at 60 
o
C in an oven for about 16 hours. 
16) Measure the mass of vial with resin to obtain the dried resin mass; the 
dried resin mass = the mass of vial with resin – the empty vial mass. 
 
The 1
st
 to 16
th
 steps were repeated to generate kinetics data for the adsorption of 
trithionate and tetrathionate on resin in the systems with the initial concentrations 
of species being 3 mM. The same procedures were also repeated to generate 
kinetics data for the adsorption of gold thiosulfate on resin in the system with the 
initial gold concentrations of 100 mg/L, but the HPLC analysis was replaced with 
the ICP-OES analysis for gold. Instead of 1 mL samples, 10 mL samples were 
taken for the ICP-OES analysis. The flowchart presenting the procedure of 
kinetics experiment is summarized by Figure A.1 in Appendix A. 
 
B. The Experiments on Equilibrium Adsorption 
 
The equilibrium experiments were run for 5 hours based on the kinetics 
measurements, to make sure equilibrium was achieved. The same procedures of 
kinetics experiments were also done for the equilibrium experiments with various 
initial concentrations of species. The samples for the HPLC analysis and ICP-OES 
analysis for the particular species were taken before loading (t = 0 hour) and after 
loading (t = 5 hours), before stripping and after stripping. The agreements 
between the loading and stripping experiments in terms of the quantities of 
various species loaded on the resin were investigated to highlight the mass 
balance of species adsorbed on resin and diluted from resin. The flowchart 
presenting the equilibrium experimental procedure is summarized by Figure A.2 
in Appendix A. 
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3.3 Results and Discussion 
 
3.3.1 Speciation on Adsorption of Single Component 
 
All the species such as thiosulfate, trithionate, tetrathionate and pentathionate in 
the HPLC analysis were quantified at the peak retention time as shown in Figure 
3.1 and at the wavelength of peak UV adsorption of 214 nm except trithionate 
which was quantified at 192 nm. The wavelength of peak UV adsorption for 
thiosulfate (as an example) is shown in Figure 3.2. 
 
 
Figure 3.1 The UV detector-based HPLC chromatograms for the peak 
retention time of thiosulfate, trithionate, tetrathionate and pentathionate 
 
There are a number of commercially available strong base ion exchange resins 
and the strong based anion exchange resin of Purolite A500/2788 has been used in 
this project, which has macroporous polystyrene crosslinked with divinylbenzene 
and the trimetyl ammonium or quaternary ammonium, R4N
+ 
as the functional 
group. The resin can be used for the adsorption of gold from thiosulfate leaching 
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of gold ores (PUROLITE, 2008). The exchange centre of the resin is the chloride 
electron as shown in Figure 3.3. 
 
 
 
Figure 3.2 The UV detector-based HPLC chromatogram for the thiosulfate 
wavelength of peak UV adsorption 
 
 
 
Figure 3.3 The illustration of Purolite A500/2788 structure 
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In single component of non-ammoniacal resin-solution system, the chemical 
exchange equilibrium relations within the resin and thiosulfate, polythionates 
(trithionate, tetrathionate and pentathionate) or gold thiosulfate can be 
theoretically specified by Equations (3.1), (3.2), (3.3), (3.4), and (3.5), 
respectively: 
 
2R-Cl(s) + S2O3
2−
(aq)
 
 <=> R2S2O3(s) + 2Cl
-
(aq)                              (3.1) 
2R-Cl(s) + S3O6
2−
(aq)
  
<=> R2S3O6(s) + 2Cl
-
(aq)                              (3.2) 
2R-Cl(s) + S4O6
2−
(aq)
  
<=> R2S4O6(s) + 2Cl
-
(aq)                              (3.3) 
2R-Cl(s) + S5O6
2−
(aq)
  
<=> R2S5O6(s) + 2Cl
-
(aq)                              (3.4) 
3R-Cl(s) + Au(S2O3)2
3-
(aq)  <=>  R3Au(S2O3)2 (s) + 2Cl
-
(aq)                    (3.5) 
 
where R represents the resin functional group. According to Equation (3.1) as an 
example, the equilibrium constant, 3.1K  for the reaction can be represented by: 
 
               
2
2 2 3
3.1 22
2 3
ClR S O
K
S O RCl
                                     (3.6) 
 
where all the species concentration presented in equilibrium condition;  
2
2 3S O  is the thiosulfate concentration in solution (M = mol/ L solution), 
obtained based on the HPLC reading, 2 2 3R S O  represents the thiosulfate 
concentration on resin (M = mol/ L resin), Cl  is the chloride concentration in 
solution (M), and RCl  is the chloride concentration on resin (M). The 
additional expressions for Equation (3.6) are as follows: 
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V
                          (3.7)      
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2 3 2 30
( )
( )
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R
c e
Cl S O S O
c e
                           (3.8) 
( )
SR
R R
VCP
RCl Cl
c e V
                                   (3.9) 
 
where 
2
2 3 0
S O  is denoted as the initial thiosulfate concentration (M), ( )Rc e  is 
the charge of each site on resin (+1) when 1 mol chloride being released from 
resin, and ( )Sc e  corresponds to the charge of 1 mol thiosulfate (-2), RCP  is the 
resin capacity (eq/L), SV  and RV  are the solution volume and the resin volume, 
respectively. Similarly, Equations (3.6) to (3.9) can be derived for Equations (3.2) 
to (3.5). 
 
If thiosulfate competes with the resin exchange centre chloride
 
in the single 
component resin-solution system, the value of equilibrium constant 3.1K  should 
not change with the change of the equilibrium thiosulfate concentration. However, 
the experimental result shows that the 3.1K  value changes with the change of the 
equilibrium thiosulfate concentration, as can be seen in Figure 3.4. This clearly 
indicates that there is no competition between thiosulfate and chloride in the 
system. In other words, chloride is a very weak anion compared to thiosulfate, so 
chloride does not re-occupy the site of resin to keep constant of the 3.1K  value.  
In addition, there is also no competition between tetrathionate and chloride in the 
single component of tetrathionate in resin-solution system, the equilibrium 
constant for Equation (3.3), 3.3K  decreases with the increase in the equilibrium 
concentration of tetrathionate, as clearly shown in Figure 3.5. 
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Figure 3.4 3.1K  over equilibrium thiosulfate concentration 
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Figure 3.5 3.3K  over equilibrium tetrathionate concentration 
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Investigation on the equilibrium constants associated with Equations (3.2), (3.4) 
and (3.5) also results in the same profile as the previous ones. It can finally be 
concluded that chloride is a very weak anion compared to thiosulfate, 
polythionates and gold thiosulfate, and there is no competition loading between 
chloride and the species in the single component resin-solution system. 
 
 
3.3.2 Kinetics Adsorption of Single Component 
 
Since the adsorption of thiosulfate, polythionates and gold thiosulfate onto the ion 
exchange resin is a heterogeneous process, with the rate of adsorption being 
limited by the mass transfer of the anionic species from the solution to the ion 
exchange sites of resin, and the resin exchange centre of chloride is very weak 
compared to the species, Equations (3.1) to (3.5) can therefore be advanced to:  
 
2 2 22 2 2 2
2 3 2 3 2 3 2 3( ) ( )S S R R
k K k
X t X e X e X t
S O S O S O S O    (3.10) 
3 3 32 2 2 2
3 6 3 6 3 6 3 6( ) ( )S S R R
k K k
X t X e X e X t
S O S O S O S O    (3.11) 
4 4 42 2 2 2
4 6 4 6 4 6 4 6( ) ( )S S R R
k K k
X t X e S e X t
S O S O S O S O    (3.12) 
5 5 52 2 2 2
5 6 5 6 5 6 5 6( ) ( )S S R R
k K k
X t X e X e X t
S O S O S O S O    (3.13) 
3 3
2 3 2 32 2
( )
Au Au
S S
k K
X t X e
Au S O Au S O  
3 3
2 3 2 32 2
( )
Au
R R
k
X e X t
Au S O Au S O                          (3.14) 
 
where XS(t) (M = mol/ L solution) refers to the concentration of species in solution 
over time t (s); XSe  (M) is the equilibrium concentration of species in solution; 
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XR(t) (M = mol/ L resin) refers to the concentration of species on resin over time t; 
XRe (M) is the equilibrium concentration of species on resin; K2,  K3, K4, K5 and 
KAu are the equilibrium constants for the adsorption of thiosulfate, trithionate, 
tetrathionate, pentathionate and gold thiosulfate, respectively in the systems 
between the species concentration in solution and on resin. The species 
concentrations in solution, XS(t) and XSe are determined from HPLC reading 
calibrated with standard solution. The species concentration on resin, XR(t) and 
XRe are calculated using Equation (3.7). The loading of species on resin over time, 
Q(t) and at the equilibrium Qe are determined from XR(t) VR/ mR and XRe VR/ mR, 
respectively where VR is the resin volume (L) and  mR is the dry resin mass (kg). 
The kinetics and equilibrium constants can be determined from experimental data 
using the models in the available literature. 
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Figure 3.6 The thiosulfate concentration versus time for the kinetics 
adsorption onto the anion exchange resin (mM = mmol/ L resin) 
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Figure 3.6 shows the thiosulfate concentration on resin over time based on the 
experimental data of loading for the kinetics adsorption of thiosulfate onto the 
anion exchange resin in the resin-solution system with the initial thiosulfate 
concentration of 3 mM and 0.333 g resin. As can be seen in Figure 3.6, thiosulfate 
concentration on resin sharply increases in the first 30 minutes loading, from 0 
mM to about 500.486 mM. Then, it gradually increases to 575.828 mM at 30 
minutes of loading time. From the kinetics test, the equilibrium concentration of 
thiosulfate on resin is approximately 601.131 mM that results in the equilibrium 
thiosulfate loading of 168.316 g thiosulfate/ kg dry resin at 300 minutes of loading 
time, as can be seen in Figure 3.7. 
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Figure 3.7 The thiosulfate loading versus time for the kinetics adsorption 
onto the anion exchange resin 
 
  
Chapter 3 
________________________________________________________ 
38 
Trithionate and tetrathionate loading over time in the resin-solution system with 
the initial concentration trithionate and tetrathionate in each system being 3 mM 
and 0.333 g resin are presented by both graphs shown in Figure 3.8. Interestingly, 
trithionate loading is almost the same as tetrathionate loading for the first 90 
minutes. Then, tetrathionate loading still gradually increases until reaching the 
equilibrium loading of about 307.649 g tetrathionate/ kg dry resin. Meanwhile, 
trithionate loading is not very much increased compared to tetrathionate loading, 
and the equilibrium loading is about 257.951 g trithionate/ kg dry resin at 300 
minutes of loading time. 
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Figure 3.8 The loading of trithionate and tetrathionate versus time for the 
kinetics adsorption onto the anion exchange resin 
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The loading of gold thiosulfate for the kinetics adsorption of gold thiosulfate onto 
the anion exchange resin in the resin-solution system with the initial thiosulfate 
concentration of 100 mg/L solution and 0.333 g resin, is shown in Figure 3.9.  As 
can be seen in Figure 3.9, gold thiosulfate loading increases moderately for the 
first 90 minutes loading from 0 to 57.146 g gold thiosulfate/ kg dry resin. Then, it 
gradually increases to reach the equilibrium loading of 66.447 g gold thiosulfate/ 
kg dry resin at 180 minutes of loading time, which is approximately 120 faster 
than thiosulfate and polythionates. 
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Figure 3.9 The loading of gold thiosulfate versus time for the kinetics 
adsorption onto the anion exchange resin 
 
The experimental work for the kinetics adsorption of pentathionate onto the anion 
exchange resin in the resin-solution system could not be done because 
pentathionate cannot be purchased in pure form. 
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In order to obtain the kinetics constant for the adsorption of each species adsorbed 
on resin in the system, the Lagergren equation (Lagergren, 1989, Vázquez et al., 
2007) representing the pseudo-first-order model  shown by Equation (3.15) and 
Ho equation (Ho et al., 1996) as the pseudo-second-order model shown by 
Equation (3.16) are adopted, and the equations can be represented as: 
 
( ) ( )L L e L
d
Q t k Q Q t
dt
                                   (3.15) 
2
( ) ( )H H e H
d
Q t k Q Q t
dt
                                (3.16) 
 
where Lk  (min
-1
) and Hk  (kg g
-1
 min
-1
) are the rate constants of adsorption based 
on Lagergren and Ho, respectively; ( )LQ t  and ( )HQ t  (g species/ kg dry resin) are 
the species loading at time t (min) based on Lagergren and Ho model, 
respectively; 
eQ is denoted as  the adsorption of species on resin at the equilibrium 
time (g species/ kg dry resin). Levenberg-Marquardt method (Williams et al., 
2002) are used to minimize the sum of weighted deviation square between the 
experimental and model results. The functions can be expressed as Equations 
(3.17) and (3.18): 
 
300
2
.
0
( , )L Exp t L L
t
WD Q Q k t                             (3.17) 
300
2
.
0
( , )H Exp t H H
t
WD Q Q k t                            (3.18) 
 
where LWD  and HWD  are the sum of weighted deviation square between the 
experimental results and model results associated with Lagergren and Ho 
equations, respectively, and LWD  and HWD  are minimized, so that 0LWD  
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and 0HWD  subject to the constants of Lk > 0 and Hk > 0, respectively; and 
.Exp tQ  (g species/ kg dry resin) is the species loading at the loading time t based 
on the experimental data. 
 
Table 3.1 shows the thiosulfate loading over time based on the experiment for 
kinetics adsorption with the equilibrium concentration of thiosulfate on resin 
being 168.317 g thiosulfate/ kg dry resin. Using the experiment-based thiosulfate 
concentration on resin including the equilibrium concentration, the time and the 
Levenberg-Marquardt method, the kinetics constants Lk  and Hk  were worked out 
which are approximately 0.0528 and 0.0012 min
-1
, respectively with the 
correlation coefficient R
2
 being 0.995 and 0.997, respectively. The thiosulfate 
loading over time based on the reference models are shown in the 3
rd
 and 4
th
 
columns of Table 3.1. 
 
 
Table 3.1 Thiosulfate loading based on experiment and reference models 
Time Thiosulfate Loading 
t QExp.t QL (t) QH (t) 
(minute) (g species/ kg dry resin) (g species/ kg dry resin) (g species/ kg dry resin) 
0 0.000 0.000 0.000 
30 140.136 138.758 144.825 
60 161.232 163.128 155.689 
90 161.341 167.408 159.683 
120 161.262 168.160 161.757 
180 166.778 168.315 163.886 
300 168.317 168.320 165.630 
 
 
Similarly, trithionate loading over time based on the experiment and reference 
models are listed in Table 3.2.  The kinetics constant for the adsorption of 
trithionate on resin based on the reference models, Lk  and Hk  are approximately 
0.0304 and 0.0007 min
-1
, respectively with the correlation coefficient R
2
 being 
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0.996 and 0.968, respectively. Meanwhile, tetrathionate loading over time based 
on the experiment and reference models are shown in Table 3.3, and the kinetics 
constant for the adsorption of tetrathionate on resin based on the reference 
models, Lk  and Hk  are approximately 0.0205 and 0.0001 min
-1
, respectively with 
the correlation coefficient R
2
 being 0.991 and 0.988, respectively. 
 
 
Table 3.2 Trithionate loading based on experiment and reference models 
Time Trithionate Loading 
t QExp.t QL (t) QH (t) 
(minute) (g species/ kg dry resin) (g species/ kg dry resin) (g species/ kg dry resin) 
0 0.000 0.000 0.000 
30 179.150 154.326 218.698 
60 219.050 216.322 236.708 
90 238.950 241.227 243.389 
120 249.550 251.232 246.873 
180 257.100 256.866 250.458 
300 257.950 257.946 253.402 
 
 
Table 3.3 Tetrathionate loading based on experiment and reference models 
Time Tetrathionate Loading 
t QExp.t QL (t) QH (t) 
(minute) (g species/ kg dry resin) (g species/ kg dry resin) (g species/ kg dry resin) 
0 0.000 0.000 0.000 
30 160.143 141.321 173.491 
60 215.183 217.725 221.866 
90 244.785 259.032 244.600 
120 266.778 281.365 257.809 
180 291.382 299.966 272.525 
300 307.649 306.992 285.566 
 
 
 
Finally, Table 3.4 shows the gold thiosulfate loading over time based on the 
experiment and reference models. Surprisingly, the loadings of gold thiosulfate 
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over time based on the experiment are almost the same as the ones by experiment. 
The first-order model of Lagergren-based result shown in the 3
rd
 column in Table 
3.4 is much better compared to the second-order model of Ho-based results shown 
the 4
th
 column in Table 3.4. The rate constants of gold thiosulfate based on 
Lagergren and Ho models, Lk  and Hk  are approximately 0.0333 and 0.002 min
-1
, 
respectively with the correlation coefficient R
2
 being 0.999 and 0.913. 
 
 
Table 3.4 Gold thiosulfate loading based on experiment and reference models 
Time Gold Thiosulfate Loading 
t QExp.t QL (t) QH (t) 
(minute) (g species/ kg dry resin) (g species/ kg dry resin) (g species/ kg dry resin) 
0 0.000 0.000 0.000 
30 41.394 41.973 44.964 
60 57.146 57.433 53.635 
90 63.921 63.127 57.319 
120 65.407 65.224 59.357 
180 66.447 66.281 61.546 
300 66.447 66.444 63.417 
 
 
 
3.3.3 Equilibrium Adsorption of Single Component 
 
In general, contact time is an important variable in adsorption as well as the 
adsorption of thiosulfate, polythionates and gold thiosulfate onto the ion exchange 
resin. The adsorption capacity of resin practically increases with time, and at some 
point in time, it reaches a constant value where no more species can  be adsorbed 
on resin. At this point, the amount of species being adsorbed onto resin is in a 
state of dynamic equilibrium with the amount of species in solution, and the 
concentration of species in solution is also in a state of dynamic equilibrium with 
the concentration of species on resin presented as XSe and XRe, respectively as 
shown by Equations (3.10)-(3.14). Accordingly, the time required to attain the 
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equilibrium state is termed as an equilibrium time (te) and the amount of species 
adsorbed at the time te is defined as an equilibrium adsorption capacity. 
 
It would be essential to have a satisfactory description of the equilibrium state 
between the species in solution (aqueous phase) and the species on resin (solid 
phase) of the adsorption systems in order to successfully represent the dynamic 
adsorptive behavior of species from the fluid phase to the solid phase.  Therefore, 
the Langmuir and Freundlich isotherms which are the two most well-known 
isotherms are adopted to describe the equilibrium of adsorption systems.  
 
The saturated monolayer isotherm which has been the most commonly used 
adsorption isotherm of a solute from a liquid solution (Langmuir, 1961) can be 
represented as: 
 
1
m L e
e
L e
Q K C
Q
K C                                             (3.19) 
 
where eC (g species/ L solution) is the equilibrium concentration of species in 
solution; eQ (g species/ kg dry resin) is the amount of species adsorbed on resin at 
the equilibrium; mQ (g species/ kg dry resin) is the maximum amount of species 
adsorbed on resin at the equilibrium; and KL (L solution/ g species) is the 
adsorption equilibrium constant. A plot of /e eC Q  versus eC should give a 
straight line with a slope of 1/ mQ and an intercept of 1/ L mK Q . 
 
Meanwhile, the Freundlich isotherm (Weber, 1972) can be rewritten as: 
 
1/ n
e F eQ K C                                            (3.20) 
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where KF  (g species/ kg dry resin) is the Freundlich over-all adsorption capacity; 
and n indicates the adsorption intensity. 
 
Equilibrium adsorption data as shown in Table 3.5 were collected from the 
equilibrium experiments with various initial concentrations of thiosulfate, 
trithionate and tetrathionate in the range of 0-3 mM. The loading of species over 
the equilibrium concentration of species in solution is plotted in Figure 3.10. 
 
 
Table 3.5 Equilibrium adsorption of thiosulfate, trithionate and tetrathionate 
Thiosulfate Trithionate Tetrathionate 
Ce (mg/L) Qe (mg/g) Ce (mg/L) Qe (mg/g) Ce (mg/L) Qe (mg/g) 
0.470 101.761 2.165 163.088 1.568 191.270 
28.784 155.828 4.050 240.385 7.582 277.275 
67.858 162.263 80.850 248.375 87.471 295.186 
171.604 168.140 238.450 257.875 287.093 298.163 
 
 
As clearly shown in Figure 3.10, overall the loading of all species versus the 
equilibrium concentration of species in solution follows first order trend. The 
loading of trithionate is higher than the loading of thiosulfate at the same 
equilibrium concentration of both species in solution. The highest loading at the 
same equilibrium concentration in solution is for tetrathionate. The loadings of 
trithionate and tetrathionate seem to reach the maximum loading faster than 
thiosulfate, and the order of maximum loading of species is likely to be 
tetrathionate >  trithionate > thiosulfate. Furthermore, the strength order of species 
adsorbed on resin at the maximum loading species seems to be trithionate > 
tetrathionate > thiosulfate. Therefore, Langmuir and Freundlich isotherms are 
taken into account. 
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Figure 3.10 The loading of thiosulfate, trithionate and tetrathionate over the 
equilibrium concentration of the species in solution 
 
As the results of Langmuir isotherm, the Langmuir isotherms of thiosulfate, 
trithionate and tetrathionate are fitted very well to the experimental data with the 
correlation coefficient R
2
 being 0.999, 0.999 and 1.000, respectively as shown in 
Figure 3.11, and the adsorption is favourable. Linear relationships of /e eC Q  over 
eC  are undoubtedly shown by the thiosulfate, trithionate and tetrathionate of 
Langmuir fits. 
 
From the slope of Langmuir fit for thiosulfate (the top line in Figure 3.11), the 
maximum amount of thiosulfate adsorbed on resin is approximately 169.492 g 
thiosulfate/ kg dry resin. The adsorption equilibrium constant for thiosulfate is 
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approximately 0.590 L solution/ g thiosulfate, which is calculated from the slope 
and intercept of the Langmuir fit. 
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Figure 3.11 Langmuir fit for the adsorption of thiosulfate, trithionate and 
tetrathionate onto the anion exchange resin 
 
As expected in the previous discussion, the maximum amount of trithionate 
adsorbed on resin is approximately 256.410 g trithionate/ kg dry resin calculated 
from the slop of the middle fit in Figure 3.11. The trithionate’s adsorption 
equilibrium constant is approximately 0.696 L solution/ g trithionate, which is 
higher than the thiosulfate’s one. Meanwhile, the maximum amount of 
tetrathionate adsorbed on resin is approximately 312.500 g tetrathionate/ kg dry 
resin, and the adsorption equilibrium constant for tetrathionate is approximately 
1.143 L solution/ g tetrathionate, obtained from the slope and the intercept of the 
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bottom fit in Figure 3.11. It should be noted that even if the maximum loading of 
trithionate is less than the maximum loading of tetrathionate, the adsorption 
equilibrium constant for trithionate is higher than that for the tetrathionate. This 
implies that more trithionate is adsorbed than tetrathionate and thiosulfate based 
on experimental data and the Langmuir isotherm. 
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Figure 3.12 Freundlich fit for the adsorption of thiosulfate, trithionate and 
tetrathionate onto the anion exchange resin 
 
As shown by the bottom line in Figure 3.12, Freundlich isotherm for thiosulfate is 
fitted well to the experimental data with the R
2
 being approximately 0.977. From 
the intercept and slope, the Freundlich over-all adsorption capacity, KF and the 
adsorption intensity, n are approximately 110.465 g thiosulfate/ kg dry resin and 
11.223, respectively. The KF and n are approximately 181.508  g trithionate/ kg 
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dry resin and 14.347, respectively for the Freundlich isotherm of trithionate which 
are higher than the ones for tetrathionate, 205.449 g tetrathionate/ kg dry resin and 
13.351, respectively (calculated from the intercept and slope of the middle and top 
lines in Figure 3.12). From the n values, it is clearly shown that more trithionate is 
adsorbed on resin compared to the other species based on the experimental data 
and Freundlich isotherm. 
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3.4 Conclusions 
 
The experimental procedures and speciation method provided can be used to 
investigate the adsorption of thiosulfate, polythionates and gold thiosulfate 
adsorptions on strong based anion exchange resin in single component resin-
solution non-ammoniacal (NARS) systems. The speciation result shows that 
chloride is a very weak anion compared to thiosulfate, polythionates and gold 
thiosulfate, and there is no competitive loading between chloride and the species 
in the single component resin-solution system. 
 
The kinetics constants for the adsorption of thiosulfate, trithionate, tetrathionate 
and gold thiosulfate onto the anion exchange resin of Purolite A500/2788 are 
obtained using the experimental data, the fitting of Lagergren and Ho models, and 
the numerical method of Levenberg-Marquardt, which are listed in Table 3.6. 
From the average R
2
 values, the best fit model for the adsorption kinetics is the 
fitting of Lagergren model. 
 
 
Table 3.6 The kinetics rate constants based on Lagergren and Ho 
Species 
Lagergren Fitting Ho Fitting 
Rate 
Constant 
kL (min
-1
) R
2 
Rate 
Constant 
kH (min
-1
) R
2
 
Thiosulfate 0.0528 0.995 0.0012 0.997 
Trithionate 0.0304 0.996 0.0007 0.968 
Tetrathionate 0.0205 0.991 0.0001 0.988 
Gold thiosulfate 0.0333 0.999 0.002 0.913 
Note: All the experiments were conducted at the ambient temperature (~23 C). 
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The resin capacity and the adsorption intensity of thiosulfate, trithionate and 
tetrathionate adsorbed on resin were determined using the equilibrium experiment 
data, Langmuir and Freundlich models and the numerical method of Levenberg-
Marquardt, which are shown in Table 3.7. From the values of Langmuir 
equilibrium constant and Freundlich adsorption, it is clearly shown that more 
trithionate is adsorbed on the resin compared to thiosulfate and tetrathionate.    
The best fit model for the equilibrium adsorption of thiosulfate and polythionates 
is shown by the Langmuir model based on the average R
2 
values. In addition, the 
Langmuir and Freundlich isotherms for the adsorption of gold thiosulfate are not 
described in Chapter 3 because of the unavailable experimental data for gold 
thiosulfate. The data needed for the Langmuir and Freundlich isotherms are 
worked out using the model proposed in Chapter 7. 
 
 
 
Table 3.7 The equilibrium adsorption based Langmuir and Freundlich 
Species 
Langmuir Fitting  Freundlich Fitting 
Resin  
capacity, 
Qm (g/kg) 
Equilibrium 
constant, 
KL (L/g) R
2 
Resin  
capacity, 
KF  (g/kg) 
Adsorption  
intensity, 
n R
2
 
Thiosulfate 169.492 0.590 0.999 110.465 11.223 0.977 
Trithionate 256.410 0.696 0.999 181.465 14.347 0.956 
Tetrathionate 312.500 0.179 1 205.449 13.351 0.997 
Note: All the experiments were conducted at the ambient temperature (~23 C). 
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CHAPTER 4 
Adsorption of Gold Thiosulfate Complexes in Multiple 
Components Resin-Solution Systems 
 
4.1 Introduction 
 
Alternative reagents have been evaluated in recent studies since there are 
increasing environmental concerns over the use of cyanide as reagent in the gold 
recovery. Possibly, thiosulfate leaching appears to be one of the most promising 
alternatives to cyanidation. And not surprisingly many studies on thiosulfate 
leaching using different oxidants have been published in the last decade. The use 
of ammonium thiosulfate and oxygen under pressure to recover gold was 
proposed to improve the leaching of gold (Berezowsky et al., 1978). However, 
other studies concluded that the use of excessive oxygen increases the oxidative 
degradation of thiosulfate (Hemmati et al., 1989, Langhans et al., 1992).  
 
On one hand, in the system of ammonium thiosulfate (ATS) solutions using 
anion-exchange resin, tetrathionate, as the product of thiosulfate oxidation, 
strongly poisoned the resin in the recovery of gold and copper from Zhang and 
Dreisinger (2002). The presence of polythionates affects the gold recovery using 
ion exchange resin (Nicol and O'Malley, 2002). Interestingly, analytical 
procedures based on ion chromatography utilising an anion exchange column and 
UV detection are described for the quantification of thiosulfate, polythionates and 
gold thiosulfate both in leach solutions and adsorbed on anion exchange resin. 
One of the results shows that tetrathionate and pentathionate are the dominant 
reaction products from thiosulfate oxidation at pH 8.5 and 9, whilst trithionate and 
sulfate are formed at pH 10.4 (Jeffrey and Brunt, 2007). On the other hand, 
electrochemical results reported that the gold oxidation from a rotating disc in a 
non-ammoniacal solution of potassium thiosulfate was faster than that in sodium 
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thiosulfate at the same salt concentration of 0.2 M and at an applied potential of 
0.25 V, under argon (Chandra and Jeffrey, 2004). Therefore, further research on 
the system of non-ammoniacal sodium thiosulfate using resin would be worthy to 
take into account.  
 
In general, ion-exchange resin simultaneously adsorbs thiosulfate, polythionates 
and gold thiosulfate with the charges on the resin’s functional groups with the 
opposite charge. Due to the limited number of charge on resin presented by the 
theoretical ion-exchange capacity of resin, and thiosulfate, polythionates and gold 
thiosulfate competes one another, so equilibrium adsorption are critical aspect to 
investigate. Therefore, the work in this chapter is mainly aimed at investigating 
the adsorption of thiosulfate, polythionates and gold thiosulfate on strong based 
anion exchange resin in the multiple components of non-ammoniacal resin-
solution (NARS) systems. The specific objectives of the work are: 
 
a. To provide the experimental procedure for the adsorption of thiosulfate, 
polythionates and gold thiosulfate on strong based anion exchange resin in 
the multiple components NARS systems. 
b. To investigate the adsorption of thiosulfate, polythionates and gold 
thiosulfate in the multiple components NARS systems. 
c. To obtain the equilibrium constants associated with the adsorption 
reactions in the multiple components NARS systems. 
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4.2 Experimental Methods 
 
All the experimental work for the adsorption of thiosulfate, polythionates and gold 
thiosulfate on strong based anion exchange resin in the multiple components 
NARS systems had been done in the Thiosulfate Laboratory at Australian Mineral 
Research Centre, CSIRO Mineral in Western Australia. 
 
 
4.2.1 Apparatus and Chemicals 
 
The same HPLC separation module described in Chapter 3 was used to analyze 
the concentrations of thiosulfate and polythionates in the experiments of multiple 
components resin-solution non-ammoniacal systems. The separation was achieved 
using a Dionex IonPac AS16 ion exchange column equipped with an IonPac 
AG16 guard column. The mobile phase was a solution of sodium perchlorate 
(0.075 – 0.2 M). The species detection was via a Waters 2996 Photodiode Array 
Detector (UV). Empower software was used for the calculation of peak area 
(Waters, 2002). Details about the mobile solution and the wavelengths of UV 
adsorption and peak retention times of the involved species have been described 
in the literature (Jeffrey and Brunt, 2007). Gold was also analysed by inductively 
coupled plasma optical emission spectrometry (ICP-OES). All the thiosulfate and 
polythionates analysis have been done by the PhD candidate of this thesis in the 
HPLC Laboratory at the Australian Mineral Research Centre, and all the gold 
thiosulfate analysis have been done by the staff of Analytical Chemistry Unit at 
the Australian Mineral Research Centre. 
 
Pentathionate cannot be purchased in pure form, a synthetic polythionates mixture 
was prepared by mixing 25 mM sodium thiosulfate (Na2S2O3)  with 50 mM 
sodium tetrathionate (Na2S4O6.2H2O and  10 mM sulfite in solution allowing 
rearrangement to occur for a few weeks (Steudel and Holdt, 1986). The resulting 
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solution contained a mixture of thiosulfate, trithionate, tetrathionate and 
pentathionate whose concentrations were determined by HPLC immediately 
before being used as a source for pentathionate. Meanwhile, sodium thiosulfate 
(Na2S2O3) and sodium tetrathionate (Na2S4O6.2H2O), 99% pure was obtained 
from Aldrich. Sodium trithionate (Na2S3O6) was prepared using the methods 
described by Kelly and Wood (Kelly and Wood, 1994). Trisodium gold 
thiosulfate salt (Na3Au(S2O3)2.2H2O) was prepared and recrystallised using the 
procedure described by Ruben et al. (2002). 
 
Purolite A500/2788 in the chloride form with a macrospore structure was also 
used.  The wet form of the resin contained 53-58 % moisture, the resin capacity is 
1.15 meq/mL, and the specific gravity is 1.08 g/mL (PUROLITE, 2008). 
 
 
4.2.2 Procedures 
 
All the experiments of the adsorption of thiosulfate, polythionates and gold 
thiosulfate on strong based anion exchange resin in multiple components resin-
solution non-ammoniacal systems were conducted at the neutral pH and the 
ambient temperature (~23 C). The concentration on the resin for a particular 
species was calculated from the change in its solution concentration in the system. 
 
 
A. The experiments on equilibrium adsorption for thiosulfate and 
polythionates 
 
The equilibrium experiment was initially conducted to investigate the competition 
between species for the adsorption on resin. The steps of experiments with two 
components are described as follows; 
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1) Prepare 200 mL of loading solution consisting of 1 mM sodium 
trithionate (Na2S3O6) and 1 mM sodium tetrathionate (Na2S4O6.2H2O) in 
a 200 mL volumetric flask. 
2) Take 1 mL sample of the solution for HPLC analysis as the loading 
sample at t = 0 minute. 
3) Prepare 0.333 g resin, and place it in a conical flask. 
4) Place the 199 mL solution in the conical flask to present a resin-solution 
system for the adsorption of thiosulfate onto resin. 
5) Stir it at 155 rpm with IKA overhead stirrers, and start the timer for 
loading. 
6) Take 1 mL sample of the solution for HPLC analysis at just after 5 hours 
loading. 
7) After 5 hours loading, decant and wash the resin 4 times with DI water 
into a large vial. Suck the remaining H2O using pipette. 
8) Add 50 mL NaClO4
 
(0.5M) into the vial for the dilution of thiosulfate 
from resin, shake it at 150 U/minute and start the timer for 30 minutes of 
the 1
st
 stripping. 
9) Take 1 mL sample of the solution for HPLC analysis as the 1
st
 stripping 
sample. 
10) Decant and wash the resin 4 times with DI water in the vial. Suck the 
remaining H2O using pipette. 
11) Re-add 50 mL NaClO4
 
(0.5M) into the vial for the dilution of thiosulfate 
from resin, shake it at 150 U/minute on a Jubalo SW-20C shaker and 
start the timer for 30 minutes of the 2
nd
 stripping. 
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12) Take 1 mL sample of the solution for HPLC analysis as the 2
nd
 stripping 
sample. 
13) Decant and wash the resin 4 times with DI water in the vial. Before 
placing the resin in a small glass vial, measure the empty vial mass. 
14) Place the resin in a small glass vial, and suck the remaining H2O using 
pipette. 
15) Dry the resin at 60 
o
C in an oven for about 16 hours. 
16) Measure the mass of vial with resin to obtain the dried resin mass; the 
dried resin mass = the mass of vial with resin – the empty vial mass. 
 
The 1
st
 to 16
th
 steps were repeated for the other 8 batches with the initial 
trithionate and tetrathionate concentrations in the range 1-3 mM. 
 
To generate a set of equilibrium data for the equilibrium constant of thiosulfate 
and trithionate reaction on resin in the multiple components NARS systems, the 
1
st
 to 16
th
 steps were repeated for the 8 batches with the initial trithionate 
concentration in the range 1.5-5 mM and the constant initial thiosulfate 
concentration of 50 mM thiosulfate. The large initial concentration of thiosulfate 
was taken into account to ensure the competition loading between thiosulfate and 
trithionate take place since thiosulfate has much less intensity compared to 
trithionate as mentioned in Chapter 3. 
 
The 1
st
 to 16
th
 steps with the initial trithionate concentration at the range 1-3 mM 
and the initial thiosulfate concentration at the range of 1-3 mM to generate a set of 
equilibrium data for the equilibrium constant of trithioante and tetrathionate 
reaction on resin in the multiple components NARS systems. The synthetic 
polythionates mixture was diluted with DI water to prepare loading solution 
consisting of about 1.5 mM thiosulfate, 1.3 mM trithionate, 2.5 mM tetrathionate 
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and 0.9 mM pentathionate. Then, the diluted mixture was used in the experiments 
to generate a set of equilibrium data for the equilibrium constant of tetrathionate 
and pentathionate reaction on resin in the multiple components NARS systems. 
 
B. The experiments on  equilibrium  adsorption  for polythionates  and 
gold thiosulfate 
 
The equilibrium experiment of gold loading in the multiple components NARS 
systems was accomplished by mixing sodium gold thiosulfate with sodium 
thiosulfate and sodium trithionate. The steps of experiments are described as 
follow; 
 
1) Prepare 210 mL of loading solution consisting of 0.2 mg/L trisodium gold 
thiosulfate salt (Na3Au(S2O3)2.2H2O), 5 mM Na2S2O3.5H2O (sodium 
thiosulfate) and 5 mM sodium trithionate (Na2S3O6) and in a 200 mL 
volumetric flask. To make the 210 mL loading solution, all the chemicals 
were diluted with DI water until it reached the 200 mL level. Additional 
10 mL DI water is then added into the solution using a single-channel 
pipette to make up 210 mL solution. 
2) Then, take 1 mL sample of the solution for HPLC analysis and ICP-OES 
analysis as the loading sample at t = 0 minute. 
3) Prepare 0.5 g resin, and place it in a conical flask. 
4) Place the 199 mL solution in the conical flask to present a resin-solution 
system for the adsorption of thiosulfate onto resin. 
5) Stir it at 155 rpm with IKA overhead stirrers, and start the timer for 
loading. 
6) Take 1 mL sample of the solution for HPLC analysis at just after 5 hours 
loading. 
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7) After 5 hours loading, decant and wash the resin 4 times with DI water 
into a large vial. Suck the remaining H2O using pipette. 
8) Add 50 mL NaClO4
 
(0.5M) into the vial for the dilution of thiosulfate from 
resin, shake it at 150 U/minute and start the timer for 30 minutes of the 1
st
 
stripping. 
9) Take 1 mL sample of the solution for HPLC analysis as the 1
st
 stripping 
sample. 
10) Decant and wash the resin 4 times with DI water in the vial. Suck the 
remaining H2O using pipette. 
11) Re-add 50 mL NaClO4
 
(0.5M) into the vial for the dilution of thiosulfate 
from resin, shake it at 150 U/minute on a Jubalo SW-20C shaker and start 
the timer for 30 minutes of the 2
nd
 stripping. 
12) Take 1 mL sample of the solution for HPLC analysis as the 2
nd
 stripping 
sample. 
13) Decant and wash the resin 4 times with DI water in the vial. Before 
placing the resin in a small glass vial, measure the empty vial mass. 
14) Place the resin in a small glass vial, and suck the remaining H2O using 
pipette. 
15) Dry the resin at 60 
o
C in an oven for about 16 hours. 
16) Measure the mass of vial with resin to obtain the dried resin mass; the 
dried resin mass = the mass of vial with resin – the empty vial mass. 
 
The 1
st
 to 16
th
 steps were repeated for the 6 batches with the initial concentration 
of gold thiosulfate at the range 0.2-10 mg/L and the constant initial thiosulfate and 
trithionate concentration of 5 mM to investigate the adsorption of thiosulfate, 
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polythionates and gold thiosulfate and the effect of polythionates on gold loading 
in the multiple components NARS systems. 
 
Then, the 1
st
 to 16
th
 steps were also repeated for the 2 sets of 6 batches with the 
initial concentration of gold thiosulfate in the range 0.2-10 mg/L and the constant 
initial thiosulfate of 100 mM, and the synthetic polythionates mixture solution. 
Finally, the 1
st
 to 16
th
 steps were repeated for the 8 batches with the constant 
initial concentration of gold thiosulfate of 10 mg/L, the constant initial thiosulfate 
concentration of 5 and 100 mM, and the initial trithionate concentration in the 
range of 2.5-15 mM to obtain the equilibrium constant associated with gold 
thiosulfate reaction in the multiple components NARS systems. 
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4.3 Results and Discussion 
 
4.3.1 Equilibrium Adsorption of Thiosulfate and Polythionates in 
Two Components NARS systems 
 
In order to investigate the competitive adsorption of all the species on resin in the 
multiple components NARS systems, experiments with two components were 
firstly conducted. Figure 4.1 shows the equilibrium adsorption of trithionate based 
on loading solution containing trithionate and tetrathionate with the initial 
concentration of both species in the range of 1-3 mM.  
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Figure 4.1 The equilibrium loading of trithionate plotted as an isotherm for 
three initial concentrations of tetrathionate in solution 
  
Chapter 4 
________________________________________________________ 
62 
As a result, the equilibrium trithionate concentration on the resin decreases with 
the increase in tetrathionate concentration in solution. This is reasonable because 
the more trithionate added in the tetrathionate solution, the more trithionate is 
adsorbed on resin, occupying the available charge on resin. Similarly, the 
equilibrium tetrathionate concentration on the resin increases with the increase in 
trithionate concentration in solution as shown in Figure 4.2. This implies that the 
more tetrathionate is added to the trithionate solution, the more tetrathionate is 
adsorbed on resin, occupying the available charge on resin. However, increasing 
the concentration of both species at certain level results in the constant 
equilibrium concentration of both species on resin since the resin has a constant 
capacity. 
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Figure 4.2 The equilibrium loading of tetrathionate plotted as an isotherm 
for three initial concentrations of trithionate in solution 
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4.3.2 Equilibrium Constants for Thiosulfate and Polythionates in 
Multiple Components NARS systems 
 
During the competitive adsorption of thiosulfate and polythionates, the chloride 
initially present on the resin is almost completely desorbed, since it is weakly 
adsorbed compared to thiosulfate and polythionates as discussed in Chapter 3. 
Thus, the equilibrium reactions in the absence of high concentrations of chloride 
in the multiple components NARS systems can be represented by the following 
equilibrium equations: 
 
R2S2O3(s) + S3O6
2−
(aq)
  
<=> R2S3O6(s) + S2O3
2−
(aq)   3/2  K  (4.1) 
R2S3O6(s) + S4O6
2−
(aq)
  
<=> R2S4O6(s) + S3O6
2−
(aq)           4/3  K  (4.2) 
R2S4O6(s) + S5O6
2−
(aq)
  
<=> R2S5O6(s) + S4O6
2−
(aq)           5/4  K  (4.3) 
R2S5O6(s) + S6O6
2−
(aq)
  
<=> R2S6O6(s) + S5O6
2−
(aq)           6/5  K  (4.4) 
 
where 3/2  K represents the equilibrium constant for replacing thiosulfate with 
trithionate on the resin, 
2 2
3/2  2 3 6 2 3 2 2 3 3 6/K R S O S O R S O S O ; 
4/3  K represents the equilibrium constant for replacing trithionate with 
tetrathionate on the resin, 
2 2
4/3  2 4 6 3 6 2 3 6 4 6/K R S O S O R S O S O ; 
5/4  K represents the equilibrium constant for replacing tetrathionate with 
pentathionate on the resin, 
2 2
5/4  2 5 6 4 6 2 4 6 5 6/K R S O S O R S O S O ; and 
6/5  K represents the equilibrium constant for replacing pentathionate with 
hexathionate on the resin, 
2 2
6/5 2 6 6 5 6 2 5 6 6 6/K R S O S O R S O S O . 
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Therefore in the case of the system containing thiosulfate and trithionate, a plot of 
2
2 3 6 3 6/R S O S O  vs. 
2
2 2 3 2 3/R S O S O , should yield a straight line with the 
slope being the equilibrium constant, 3/2K . 
 
Figure 4.3 shows the loading affinity of trithionate over the loading affinity of 
thiosulfate based on the concentration of both species in loading and stripping. As 
can be seen in Figure 4.3, the slope of straight line is approximately 95.104 
representing 3/2K , and it concludes that the trithionate is much more strongly 
adsorbed on resin than thiosulfate. 
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Figure 4.3 The graphical representation of the equilibrium constant for 
trithionate loading over thiosulfate 
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Similarly, Figure 4.4 shows the loading affinity of tetrathionate over the loading 
affinity of trithionate. As can be seen in Figure 4.4, the slope of straight line is 
obtained and 
4/3  K  is determined to be 1.446. Since this value is above 1, the 
adsorption of tetrathionate is stronger that the adsorption of trithionate. 
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Figure 4.4 The graphical representation of the equilibrium constant for 
tetrathionate loading over trithionate 
 
The equilibrium experiments using a synthetic polythionates mixture gave the 
equilibrium constant of tetrathionate and pentathionate reaction, Equation (4.3) in 
the multiple components of non-ammoniacal resin-solution systems. The result for 
the equilibrium loading of all the species on resin with the solution containing 
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thiosulfate, trithionate, tetrathionate and pentathionate are listed in Table B.1 of 
Appendix B. 
 
As shown in Figure 4.5, the result of 5 batches test gave the equilibrium constant, 
and 
5/4  K  was determined to be 1.569, 1.580, 1.597, 1.578 and 1.580 for the 1
st
 
batch to the 5
th
 batch, respectively which is really consistent. The equilibrium 
constant 5/4  K is approximately 1.580 on the average, and from this result, it is 
worthy to note that pentathionate has higher competitive strength of adsorption 
than tetrathionate. 
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Figure 4.5 The equilibrium constant of tetrathionate and pentathionate 
reaction in the multiple components NARS systems 
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Small amounts of hexathionate were detected in loading and tripping solutions but 
the concentrations were not high enough for the equilibrium constant of 
pentathionate and exathionate reaction (
6/5K ) to be made. 
 
 
4.3.3 Equilibrium Adsorption of Thiosulfate, Polythionate and  
Gold Thiosulfate in Multiple Components NARS systems 
 
In general, the adsorption of gold onto ion exchange resin is affected by the 
concentration of polythionates in ammoniacal thiosulfate solution. To investigate 
the effect of polythionates in the multiple components NARS systems, synthetic 
polythionates mixture solution of loading solutions is required with various initial 
gold concentrations. The results on the equilibrium experiment of gold thiosulfate 
complexes for the investigation of the adsorption of thiosulfate, polythionates and 
gold thiosulfate and the effect of polythionates on gold loading in the multiple 
components NARS systems are shown in Tables 4.1-4.4 wherein all the result of 
gold thiosulfate concentration by ICP-OES are listed in Table B.2 of Appendix B. 
 
Table 4.1 shows the initial concentrations of thiosulfate, trithionate, tetrathionate 
and gold thiosulfate based on measurement. As set in the experiment, the 
concentration of thiosulfate, trithionate and tetrathionate are fairly consistent, and 
gold concentration is varied from 0.262 mg/L to 10.476 mg/L. The concentration 
change of all species in the multiple components NARS systems after 5 h loading 
can be calculated using the related concentration of species and gold shown in 
Tables 4.1 and 4.2. The average concentration change of thiosulfate, trithionate, 
tetrathionate and gold thiosulfate are approximately 1.8 %, 45.3 %, 56.9 % and 
86.4 %, respectively. The loading percentages of thiosulfate, trithionate and 
tetrathionate are reasonable because it is in line with the competitive loading of 
the species on resin as highlighted in the previous discussion on the equilibrium 
constants of associated reactions in regard to the species. The high loading 
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percentage of gold thiosulfate is the fact that gold thiosulfate has higher 
competitive strength of adsorption than thiosulfate and the polythionates. 
Therefore, the equilibrium constants of associated reaction for gold thiosulfate are 
interesting to be obtained which are addressed in the further discussion. 
 
 
Table 4.1 The initial concentrations of all species in loading solutions 
  Initial Concentrations 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 0.262 5.322 5.153 0.018 
2 0.480 5.300 5.156 0.015 
3 0.713 5.268 5.168 0.018 
4 2.025 5.127 4.911 0.020 
5 5.109 5.164 4.960 0.015 
6 10.476 5.172 4.913 0.016 
 
Table 4.2 The equilibrium concentrations of all species in loading solution 
  Equilibrium Concentrations 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 0.044 5.269 2.751 0.006 
2 0.064 5.227 2.774 0.008 
3 0.093 5.188 2.712 0.006 
4 0.258 4.981 2.732 0.008 
5 0.645 5.068 2.805 0.008 
6 1.362 5.044 2.768 0.007 
 
 
The equilibrium concentrations of thiosulfate, the polythionates and gold 
thiosulfate on resin the multiple components NARS systems based on loading and 
stripping measurement are listed in Table 4.3 and Table 4.4, respectively. From 
these presentations, the amount of thiosulfate adsorbed on the resin is very small 
compared to the trithionate concentration, which is at the concentration in the 
range of 20.754-25.144 mM based on loading (see Table 4.3) and 14.317-39.284 
mM based on stripping (see Table 4.4). Meanwhile, the concentration of 
  
Chapter 4 
________________________________________________________ 
69 
thiosulfate adsorbed on the resin is in the range of approximately 606.276-
629.452 mM based on loading (see Table 4.3) and 586.519-665.122 mM based on 
stripping (see Table 4.4). As expected, the change of tetrathionate concentration 
on resin (17.868 and 42.484 %) is much larger than the trithioante ones (3.682 and 
11.818 %) based on both loading and striping, respectively. However, with the 
very small initial concentration of tetrathionate, the amount of tetrathionate 
adsorbed on the resin is also very small which is varied at the concentration in the 
range of 1.899-3.301 mM based on stripping. Meanwhile, the trithionate 
concentration is in the range of 586.519-665.122 mM based on stripping. 
 
Table 4.3 The equilibrium concentration of species on resin based on loading 
  Concentrations on Resin 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 58.701 22.251 629.452 6.097 
2 113.292 21.893 617.020 5.485 
3 168.127 20.754 619.235 6.015 
4 478.317 20.804 615.535 5.798 
5 1214.824 24.171 606.851 5.083 
6 2494.185 25.144 606.276 5.007 
 
Table 4.4 The equilibrium concentration of species on resin based on 
stripping 
  Concentrations on Resin 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 51.891 14.317 644.596 3.226 
2 102.839 19.762 649.759 1.934 
3 160.928 21.638 665.122 3.213 
4 483.680 39.284 589.815 3.301 
5 1153.464 25.923 586.519 1.899 
6 2401.638 34.921 586.932 2.452 
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4.3.4 The Effect of Thiosulfate and Polythionates on the 
Adsorption of Gold Thiosulfate on resin  
 
It is also important to note that thiosulfate degradation in the previous studies 
(Jeffrey and Brunt, 2007, Wan, 1997, Nicol and O'Malley, 2002) with 
tetrathionate as the one of the principle product in ammoniacal thiosulfate 
solution, does not occur in the multiple components NARS systems, since there is 
very small decrease in thiosulfate concentration during 5 h loading.  It could be, 
because the adsorption of thiosulfate on the resin is not due to its degradation to 
form tetrathionate. In addition, there is no significant decrease in the stripping-
based thiosulfate concentration compared to the loading-based concentration.  
 
Trithionate will likely load on the resin very well together with gold thiosulfate. It 
could be true because the amount of trithionate adsorbed on resin is almost 
constant; 619.235, 615.535, 606.851 and 606.276 mM (loading-based in Table 
4.3); and 665.122, 589.815, 586.519 and 586.932 mM (stripping-based in Table 
4.4), for the increased gold concentration in solution of 0.621, 1.767, 4.463 and 
9.115 mg/L, and for the increased gold concentration in resin of 237.688, 714.625, 
1695.136 and 3510.550 mg/L, respectively. 
 
Figure 4.6.a represents the adsorption isotherm of gold thiosulfate onto resin in 
the multiple component NARS system containing the equilibrium concentration 
of thiosulfate, trithionate and tetrahionate being 5.129, 2.757 and 0.007 mM, 
respectively on average (see Table 4.2). The loading of gold thiosulfate is 
illustrated as the mass of gold thiosulfate (mg) per the mass of dry resin (kg), 
which is also the most commonly used unit in gold industries. As can be seen in 
Figure 4.6.a, the mass of gold thiosulfate per kg resin linearly increase with the 
increase in the gold thiosulfate concentration in the solution with the correlation 
coefficient, R
2
 = 0.999. Both the stripping-based experimental data and the 
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loading-based experimental data are considered to plot the gold thiosulfate 
loading to clearly show how close both results are. 
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Figure 4.6 The adsorption isotherm of gold thiosulfate in the multiple 
components NARS systems with the synthetic polythionates mixture solution 
with 5 g resin 
5.129 mM thio, 2.757 mM tri, 
0.007 mM tetra 
1.427 mM thio, 0.762 mM tri, 
1.388 mM tetra 
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The slope of the gold thiosulfate isotherm is approximately 5521.9 (stripping-
based) meaning that the gold thiosulfate adsorbed on every 1 kg resin is 
approximately 5521.9 mg for 1 mg/L gold thiosulfate in the solution. Thus, when 
the gold thiosulfate concentration in the solution is 2.5 mg/L, the gold adsorbed 
on resin of 13804.75 mg/kg resin will be obtained. The intercept is zero, and it is 
reasonable because when the gold concentration in solution is zero, no gold can be 
adsorbed on resin. In addition, the loading of gold thiosulfate on resin calculated 
from the strip solution is in excellent agreement with the loadings calculated from 
the loading solution. The change in both loading and stripping-based gold 
thiosulfate concentrations is only 5.8% on average indicating the mass balance of 
gold thiosulfate on loading and tripping works very well. 
 
Figure 4.6.b shows the result on the adsorption isotherm of gold thiosulfate onto 
resin in the multiple component NARS system with the equilibrium concentration 
of polythionates being 0.762 mM trithionate and 1.388 mM tetrationate and the 
equilibrium thiosulfate concentration of 1.427 mM. The speciation of thiosulfate, 
polythionates and gold thiosulfate for the multiple components NARS system 
with the synthetic polythionates mixture solution and all the result of gold 
thiosulfate concentration by ICP-OES are listed in Table B.3 and Table B.4 of 
Appendix B. 
 
As can be seen in Figure 4.6.b, the slope of the gold thiosulfate adsorption 
isotherm is decreased to be 1938 from 5521 shown in Figure 4.6.a, but the 
intercept remains at zero. In other words, thiosulfate concentration at equilibrium 
affects the loading of gold thiosulfate on the resin in the multiple components 
NARS system where the more thiosulfate concentration at equilibrium, the greater 
the amount of gold thiosulfate loaded on resin per kg of resin. This is also 
supported by the result shown in Figure 4.7 in which the increase in the 
thiosulfate concentration at equilibrium from 1.427 mM (Figure 4.6.b) to 97.967 
mM (Figure 4.7) lifts the adsorption isotherm curve up with the slope being 
almost 15 times higher than the one by the smaller thiosulfate concentration 
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(1.427 mM). The speciation of thiosulfate, polythionates and gold thiosulfate for 
the multiple components NARS system with the initial thiosulfate of 100 mM 
(Figure 4.7) and all the result of gold thiosulfate concentration by ICP-OES are 
listed in Table B.5 and Table B.6 of Appendix B. 
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Figure 4.7 The gold thiosulfate loading in the multiple components NARS 
systems with 100 mM thiosulfate and 0.5 g resin 
 
 
Surprisingly, the change in the polythionates concentration affects the intercept of 
the linear plot where diminishing the polythionates concentration in solution 
increases the gold thiosulfate loading in the multiple components NARS systems. 
From both Figure 4.6.b and Figure 4.7, it could be concluded that decreasing the 
polythionates concentration from 2.15 mM to 0 mM significantly decrease the 
intercept from 0 to -518.03. This is a contradictory phenomenon compared to the 
result of multiple components ammoniacal resin solution system in the previous 
research (Jeffrey and Brunt, 2007) where the authors stated that the intercept of 
the adsorption isotherm curve significantly decreases with the increase in the 
97.967 mM thio 
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polythionates concentration from 2.35 mM to 7.7 mM. Those different 
performances of adsorption of gold thiosulfate on resin may be due to the absence 
and presence of ammonia. It is also worthy to show the diversity efforts in dealing 
with the polythionates formed at the equilibrium in the thiosulfate resin-solution 
systems. 
 
Overall, trithionate is loaded on the resin very well together with gold thiosulfate 
in the multiple components NARS system. This is likely because the amount of 
trithionate loaded on resin is in certain proportion to the amount of gold 
thiosulfate. The amount of trithionate adsorbed on resin is almost constant; 
619.235, 615.535, 606.851 and 606.276 mM (loading-based on Table 4.3); and 
665.122, 589.815, 586.519 and 586.932 mM (stripping-based on Table 4.4), for 
the increased gold concentration in solution of 0.621, 1.767, 4.463 and 9.115 
mg/L (loading-based on Table 4.3, and for the increased gold concentration in 
resin of 237.688, 714.625, 1695.136 and 3510.550 mg/L (stripping-based on 
Table 4.4). The equilibrium between gold thiosulfate complex and trithionate can 
then be easily obtained. 
 
It is important to note that the equilibrium concentration of tetrathionate on resin 
also affects gold thiosulfate loading in the multiple components NARS system. 
Using the synthetic polythionates mixture solution with about 1.5 mM thiosulfate, 
1.3 mM trithionate, 2.5 mM tetrahionate and 1 mM pentathionate, and the initial 
concentration of gold thiosulfate in the range of 2-10 mg/L with 0.5 g resin, the 
effect of tetrahionate on gold thiosulfate loading in the multiple components 
NARS system is highlighted in Figure 4.7. As revealed in Figure 4.7, the loading 
affinity of gold thiosulfate for each batch increases with the decrease in the 
equilibrium concentration of tetrathionate on resin. In contrast, the loading affinity 
of gold thiosulfate is almost stable when the equilibrium concentration of 
tetrathionate adsorbed on resin being approximately 303.614 and 5.581 mM. As 
expected, the loading affinity of gold thiosulfate is also controlled by the initial 
concentration of gold on resin when there is no tetrathionate on resin at the 
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equilibrium condition. Since tetrathionate is an attractive species in the adsorption 
of gold thiosulfate on resin, the equilibrium constant of the reactions related to 
tetrathionate and gold thiosulfate is needed to obtain for the multiple components 
NARS system. 
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Figure 4.8 Gold thiosulfate loading in the multiple components NARS system 
with 1.5 mM thiosulfate, 1.3 mM trithionate, 2.5 mM tetrahionate, 1 mM 
pentathionate, 0.2-10 mg/L gold thiosulfate and 0.5 g resin 
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4.3.5 Equilibrium Constants for Polythionates and Gold 
Thiosulfate in Multiple Components NARS systems 
 
From the previous discussion, the equilibrium constants associated with the 
reactions of polythionates and gold thiosulfate complex are needed to clearly 
highlight the competitive strength within all the species in the multiple 
components NARS systems. The reactions of trithionate, tetrathionate, 
pentathionate or exathionate with gold thiosulfate complex in the multiple 
components NARS systems can be expressed as the following equations: 
 
3R2S3O6(s) + 2Au(S2O3)2
3-
(aq)  <=>  2R3Au(S2O3)2 (s) + 3S3O6
2−
(aq)
 
   Au/3  K     (4.5) 
3R2S4O6(s) + 2Au(S2O3)2
3-
(aq)  <=>  2R3Au(S2O3)2 (s) + 3S4O6
2−
(aq)
 
   Au/4  K     (4.6) 
3R2S5O6(s) + 2Au(S2O3)2
3-
(aq)  <=>  2R3Au(S2O3)2 (s) + 3S5O6
2−
(aq)
 
   Au/5  K     (4.7) 
3R2S6O6(s) + 2Au(S2O3)2
3-
(aq)  <=>  2R3Au(S2O3)2 (s) + 3S6O6
2−
(aq)
 
   Au/6  K     (4.8) 
 
Thus, the equilibrium constant for Equation (4.5) can be written as: 
 
2 3
2
3 63 2 3 2
/3 3
2 3 62 3 2
( )
( )
Au
S OR Au S O
K
R S OAu S O
                           (4.9) 
 
By taking logarithm the equation becomes: 
 
2 3 6 3 2 3 2
/3 2 3
3 6 2 3 2
( )
log 3log 2log
( )
Au
R S O R Au S O
K
S O Au S O
                  (4.10) 
 
It should thus be clear that if the adsorption isotherm follows this model, a plot of 
log ([R3Au(S2O3)2]/[Au(S2O3)2
3-
]) vs. log ([R2S3O6]/[S3O6
2−
]) yields a straight line 
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with the  slope and intercept. The results by ICP-OES and HPLC for the 
equilibrium experiment of the multiple components NARS systems with the initial 
concentration of gold thiosulfate being about 10 mg/L, 5 and 100 mM initial 
thiosulfate and the initial trithionate concentration in the range of 2.5-15 mM, are 
shown in Table B.7 and Table B.8 in Appendix B. Meanwhile the plot of 
adsorption isotherm using both loading and stripping data in Table B.8 of 
Appendix B for the equilibrium constant associated with Equation (10) is shown 
in Figure 4.9. From the intercept of 0.5 log Au/3K , the equilibrium constant 
Au/3  K is determined to be 0.399. 
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Figure 4.9 The graphical representation of the equilibrium constant for gold 
thiosulfate loading over trithionate. The slope of the plot is the order, and the 
intercept is 0.5 log Au/3  K  
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As highlighted in the previous discussion, tetrathionate is an attractive species in 
the adsorption of gold thiosulfate on resin in the multiple components NARS 
system. The equilibrium constant of the reactions related to tetrathionate and gold 
thiosulfate could be worked out using reaction mechanism. As shown in Figure 
4.4, the equilibrium constant for the reaction of trithionate and tetrathionate in the 
multiple components NARS system, 4/3  K  is 1.446. Meanwhile, the equilibrium 
constant for the reaction of trithionate and gold thiosulfate in the multiple 
components NARS system, Au/3  K is 0.399, obtained from Figure 4.9. Therefore, 
the equilibrium constant for the reaction of tetrathionate and gold thiosulfate in 
the multiple components NARS system, denoted as Au/4  K can be obtained as 
follow; 
 
3R2S4O6(s) + 3S3O6
2−
(aq)          <=> 3R2S3O6(s) + 3S4O6
2−
(aq) …….…..(a)    1/ 4/3  K          
3R2S3O6(s) + 2Au(S2O3)2
3-
(aq) <=> 2R3Au(S2O3)2(s) + 3S3O6
2−
(aq) ….(b)     Au/3  K  
__________________________________________________________________________________ + 
3R2S4O6(s) + 2Au(S2O3)2
3-
(aq) <=> 2R3Au(S2O3)2(s) + 3S4O6
2−
(aq) ….(c)     Au/4  K  
 
The equilibrium constant for Equation (a) equals 1/ 4/3K  which is not equal to 
1/( 4/3K )
3
. This is a special case because of the entire coefficient in the original 
reaction being one, and this case is described on some specific examples in the 
available literature (Clark, 2002). The 4/3K  value is shown in Figure 4.4. Au/4  K is 
calculated to be approximately 0.276. This is a reasonable number because 
the Au/4  K value is supposed to be less than 1, and it should be less than the 
Au/3  K value since tetrathionate is more competitive to adsorb on resin than 
trithionate as highlighted in the discussion of Figure 4.4. 
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Similarly, the equilibrium constant for the reaction of pentathionate and gold 
thiosulfate in the multiple components NARS system, Au/5  K could be obtained. 
The ways to obtain it could be illustrated as follow; 
 
The first way; 
3R2S5O6(s) + 3S4O6
2−
(aq)          <=> 3R2S4O6(s) + 3S5O6
2−
(aq) ………..(d)     1/ 5/4  K           
3R2S4O6(s) + 2Au(S2O3)2
3-
(aq) <=> 2R3Au(S2O3)2(s) + 3S4O6
2−
(aq) ….(c’)     Au/4  K  
__________________________________________________________________________________ + 
3R2S5O6(s) + 2Au(S2O3)2
3-
(aq)  <=> 2R3Au(S2O3)2(s) + 3S5O6
2−
(aq) ….(e)        Au/5  K  
 
The second way; 
3R2S4O6(s) + 3S3O6
2−
(aq)          <=> 3R2S3O6(s) + 3S4O6
2−
(aq) ………...(a’)    1/ 4/3  K            
3R2S5O6(s) + 3S4O6
2−
(aq)          <=> 3R2S4O6(s) + 3S5O6
2−
(aq) …...……..(d’)     1/ 5/4  K            
3R2S3O6(s) + 2Au(S2O3)2
3-
(aq)  <=> 2R3Au(S2O3)2(s) + 3S3O6
2−
(aq) ….(b’)      Au/3  K  
__________________________________________________________________________________ + 
3R2S5O6(s) + 2Au(S2O3)2
3-
(aq)  <=> 2R3Au(S2O3)2(s) + 3S5O6
2−
(aq) ….(e’)       Au/5  K  
  
 
Figure 4.10 shows the equilibrium constant for the reaction of pentathionate and 
gold thiosulfate based on the first reaction mechanism using the equilibrium 
constant 5/4  K shown in Figure 4.5 and the equilibrium constant Au/4  K addressed 
in the previous discussion. Au/5  K is determined to be approximately 0.1759, 
0.1747, 0.1729, 0.1749 and 0.1747 for the 1
st
 batch to the 5
th
 batch based on the 
first reaction mechanism. Meanwhile, it is approximately 0.1759, 0.1747, 0.1728, 
0.1749 and 0.1746, respectively based on the second reaction mechanism. 
Overall, all the numbers are consistent, and Au/5  K is approximately 0.175. This is 
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acceptable because 
Au/5  K is supposed to be less than Au/4  K since pentahionate is 
more competitive to adsorb on the resin than tetrahionate. 
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Figure 4.10 The equilibrium constant of pentathionate and gold thiosulfate 
reaction in the multiple components NARS systems 
 
Similarly, the equilibrium constant of thiosulfate and gold thiosulfate reaction 
could be obtained to be 37.947. Since equilibrium constant of pentathionate and 
exathionate reaction ( 6/5  K ) cannot be determined in the previous discussion, 
equilibrium constant of exathionate and gold thiosulfate reaction ( Au/6  K ) cannot 
be determined in this work using the reaction mechanism of related species. 
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4.4 Conclusions 
 
The experimental procedures can be used to investigate the adsorption of 
thiosulfate, polythionates and gold thiosulfate adsorptions on strong based anion 
exchange resin in the multiple components non-ammoniacal resin-solution 
(NARS) systems. Unlike the system with ammonia in the previous literature, the 
degradation of thiosulfate does not occur in the multiple components NARS 
systems since there is no significant decrease of thiosulfate concentration between 
the loading and stripping results. The more thiosulfate concentration in solution at 
equilibrium, the greater amount of gold thiosulfate adsorbed on the resin. The 
mass of gold thiosulfate per kg resin linearly increase with the increase in the gold 
thiosulfate concentration in the solution wherein the polythionates concentration 
affects the adsorption isotherm of gold thiosulfate. 
 
The polythionates concentration affects the adsorption isotherm of gold 
thiosulfate intercept of the linear plot where diminishing the polythionates 
concentration in solution increase the gold thiosulfate loading in the multiple 
components NARS systems. Trithionate is to be loaded on the resin very well 
together with gold thiosulfate, and increasing the trithionate concentration in 
solution results in the greater amount of gold thiosulfate adsorbed on the resin. 
The loading affinity of gold thiosulfate increases with the decrease in the 
equilibrium concentration of tetrathionate on the resin. Overall, all the 
polythionates and gold thiosulfate compete with one another to occupy the 
available charge on the resin, and all the species are simultaneously adsorbed on 
the resin. 
 
Equilibrium constants associated with the proposed reactions in the multiple 
components NARS systems are used to also investigate the competitive 
adsorption of thiosulfate, polythionates and gold thiosulfate on resin. The 
equilibrium constants are summarised in Table 4.5: 
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Table 4.5 The proposed equilibrium reactions and the equilibrium constants 
in the multiple components NARS systems 
 
 Equilibrium Reactions 
 
Equilibrium 
Constants 
  
R2S2O3(s) + S3O6
2−
(aq)
  
<=> R2S3O6(s) + S2O3
2−
(aq) 
 
95.104 
 
  
R2S3O6(s) + S4O6
2−
(aq)
  
<=> R2S4O6(s) + S3O6
2−
(aq)      
      
1.446 
 
  
R2S4O6(s) + S5O6
2−
(aq)
  
<=> R2S5O6(s) + S4O6
2−
(aq)       
     
1.580 
 
 
3R2S2O3(s) + 2Au(S2O3)2
3-
(aq)  <=>  2R3Au(S2O3)2 (s) + 3S2O3
2−
(aq) 
 
37.947 
 
 
3R2S3O6(s) + 2Au(S2O3)2
3-
(aq)  <=>  2R3Au(S2O3)2 (s) + 3S3O6
2−
(aq) 
 
 
0.399 
 
 
3R2S4O6(s) + 2Au(S2O3)2
3-
(aq)  <=>  2R3Au(S2O3)2 (s) + 3S4O6
2−
(aq) 
 
0.276 
 
 
3R2S5O6(s) + 2Au(S2O3)2
3-
(aq)  <=>  2R3Au(S2O3)2 (s) + 3S5O6
2−
(aq)
  
    
0.175 
 
 
 
Therefore, the order of competitive adsorption of thiosulfate, polythionates and 
gold thiosulfate on the resin is S2O3
2−
 < Au(S2O3)2
3-
 < S3O6
2−
 < S4O6
2−
 < S5O6
2−
.  
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CHAPTER 5 
Adsorption of Copper Complexes in Multiple Components   
Resin-Solution Systems 
 
5.1 Introduction 
 
In general, copper is found in the gold leaching of complex ores (Bhappu, 1990), 
Marsden and House, 1992). The present of copper reduces the efficiency of gold 
leaching and consumes additional reagent (Fagan et al., 1997, Huang et al., 1997).  
To improve the recovery of gold, ammonium thiosulfate and oxygen under 
pressure was used (Berezowsky et al., 1978). Because copper ions can be catalysts 
for the oxidation of thiosulfate by oxygen or other oxidant, there should only be 
sufficient copper present to maximize leaching of gold and minimize thiosulfate 
consumption, and it only improves the initial rate of gold extraction  (Zipperian et 
al., 1988, Abbruzzese et al., 1995). 
 
The chemistry of gold leaching involving thiosulfate, ammonium and copper ions 
are complex due to the oxidation by dissolved oxygen (Langhans et al., 1992, 
Tozawa et al., 1981, Li et al., 1995). Using ammoniacal thiosulfate in the gold 
leaching is typically much more economical than cyanidation to lixiviate 
significant quantities of copper without consuming excessive reagent (Aylmore, 
2001). The leaching of gold linearly increases with the Cu(II) concentration at low 
concentration (less than 5 mM) while the higher Cu(II) concentration almost does 
not affect the gold leaching rate (Jeffrey et al., 2001). The oxidation of thiosulfate 
in the presence of copper(II) and oxygen is very complex wherein oxygen 
increases the rate of copper(II) reduction to copper(I) by thiosulfate (Breuer and 
Jeffrey, 2003). Therefore, limiting the presence of oxygen and ammonia in the 
leach solution would be worthy to investigate copper complexes in the copper 
leaching systems. 
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Anion exchange resin had been intensively used in the quantification of 
thiosulfate and polythionates in gold leach solution on the resins (Jeffrey and 
Brunt, 2007). However, there are still limited studies on the adsorption of copper 
complexes onto resin at the equilibrium stage. 
 
Therefore, the main objective of this work is to investigate the adsorption of 
thiosulfate, polythionates and copper complexes on strong based anion exchange 
resin in multiple components resin-solution systems. The specific objectives of 
the work are: 
 
a. To provide the experimental procedure for the adsorption of thiosulfate 
and copper complexes adsorptions on strong based anion exchange resin in 
the multiple components resin-solution systems. 
b. To investigate the equilibrium adsorption of thiosulfate and copper by 
limiting oxygen in multiple components resin-solution systems. 
c. To investigate the effect of thiosulfate and ammonia concentration and the 
solution pH in multiple components resin-solution systems on the 
equilibrium adsorption of total copper complexes on resin. 
d. To highlight the adsorption isotherm of total copper complexes in multiple 
components resin-solution systems. 
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5.2 Experimental Methods 
 
All the experimental work for the adsorption of thiosulfate, polythionates and 
copper complexes on strong based anion exchange resin in the multiple 
components resin-solution systems were done in the Thiosulfate Laboratory at 
Australian Mineral Research Centre, CSIRO Mineral in Western Australia. 
 
 
5.2.1 Apparatus and Chemicals 
 
The concentrations of thiosulfate, polythionates and the total copper complexes in 
the experiments of multiple components resin-solution systems was also analysed 
using the Waters 2695 HPLC separation module. For HPLC analysis, the copper 
must be masked with ethylenediamine (Aksu and Doyle, 2002), as copper 
thiosulfate peak interferes with the analysis of thiosulfate and polythionates. The 
HPLC separation was achieved using a Dionex IonPac AS16 ion exchange 
column equipped with an IonPac AG16 guard column. The mobile phase was a 
solution of sodium perchlorate (0.075 – 0.2 M). The species detection was via a 
Waters 2996 Photodiode Array Detector (UV). Empower software was used for 
the calculation of peak area (Waters, 2002). Details about the mobile solution and 
the wavelengths of UV adsorption and peak retention times of the involved 
species have been described in the literature (Jeffrey and Brunt, 2007).All the 
thiosulfate and polythionates analysis have been done by the PhD candidate of 
this thesis in the HPLC Laboratory at the Australian Mineral Research Centre. For 
the ICP analysis of total copper complexes, the samples were treated with NaCN 
(0.0167 M), and the analysis of samples has been done by the staff of Analytical 
Chemistry Unit at the Australian Mineral Research Centre. 
 
Copper was introduced as cupric sulphate (CuSO4.5H2O). Ammonia-containing 
solutions were prepared using a 2 M NH3 stock solution standardised by acid-base 
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titration (Karen, 2009). Purolite A500/2788 in the chloride form with a 
macrospore structure was also used.  The wet form of the resin contained 53-58 % 
moisture, the resin capacity is 1.15 meq/mL, and the specific gravity is 1.08 g/mL 
(PUROLITE, 2008). 
 
 
5.2.2 Procedures 
 
All the experiments of the adsorption of thiosulfate, polythionates and copper on 
strong based anion exchange resin in multiple components resin-solution systems 
were conducted at the ambient temperature (~23 C) and variable pH. The 
concentration on the resin for a particular species was calculated from the change 
in its solution concentration in the system. The effect of limiting oxygen presence 
in the system was taken into account by non-degassing and degassing of the 
solution with nitrogen. 
 
 
A. The experiments on equilibrium adsorption for thiosulfate, 
polythionates and copper without nitrogen degas 
 
The equilibrium experiment was initially conducted to investigate the effect of 
oxygen presence on the multiple components resin-solution systems. The steps for 
the experiments with multiple components are described as follow; 
 
1) Prepare 200 ml of loading solution consisting of 25 mM (NH4)S2O3 
(ammonium thiosulfate), 5 mM sodium trithionate (Na2S3O6), 2 mM 
cupric sulphate (CuSO4.5H2O) and 50 mM ammonia in a 200ml 
volumetric flask. In dealing with ammonia loss, the ammonia solution is 
quickly added last before rapidly putting DI water into the flask to reach 
the 200 ml level. Then, quickly closing the flask with the cap. 
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2) Prepare 0.5 g resin, and place it in a conical flask, and place it in a 130 
ml sealed plastic bottle. 
3) Quickly place the 200 mL solution in the bottle until it is full (130 mL 
total volume), and tightly sealed. 
4) Place it on a roller at 35 rpm and start the loading. 
5) Take 1 mL sample of the solution for HPLC analysis at just after 2 hours 
loading, and then measure the solution pH using pH probe. 
6) After 2 hours loading, decant and wash the resin 4 times with DI water 
into a large vial. Suck the remaining H2O using pipette. 
7) Add 50 mL NaClO4
 
(0.5M) into the vial for the dilution of thiosulfate 
from resin, shake it at 150 U/minute and start the timer for 30 minutes of 
the 1
st
 stripping. 
8) Take 1 mL sample of the solution for HPLC analysis as the 1
st
 stripping 
sample. 
9) Decant and wash the resin 4 times with DI water in the vial. Suck the 
remaining H2O. 
10) Re-add 50 mL NaClO4
 
(0.5M) into the vial for the dilution of thiosulfate 
from resin, shake it at 150 U/minute on a Jubalo SW-20C shaker and 
start the timer for 30 minutes of the 2
nd
 stripping. 
11) Take 1 mL sample of the solution for HPLC analysis as the 2
nd
 stripping 
sample. 
12) Decant and wash the resin 4 times with DI water in the vial. Before 
placing the resin in a small glass vial, measure the empty vial mass. 
13) Place the resin in a small glass vial, and suck the remaining H2O. 
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14) Dry the resin at 60 
o
C in an oven for about 16 hours. 
15) Measure the mass of vial with resin to obtain the dried resin mass; the 
dried resin mass = the mass of vial with resin – the empty vial mass. 
 
The 1
st
 to 15
th
 steps were repeated for the systems with the initial sodium 
thiosulfate in the range of 25-100 mM (NH4)S2O3 (ammonium thiosulfate), 5 mM 
sodium trithionate (Na2S3O6), 2 mM cupric sulphate (CuSO4.5H2O) and the initial 
ammonia concentration in the range of 0-400 mM. 
 
 
B. The experiments on equilibrium adsorption for thiosulfate, 
polythionates and copper with nitrogen degas 
 
All the 12 batches in the previous experimental procedure were repeated for the 
equilibrium adsorption for thiosulfate, polythionates and copper with nitrogen 
degas. For the loading solution with the addition of ammonia, the solution was 
degassed with N2 at the flow rate of 200 mL/min for 30 mins before adding 
ammonia. Then, the solution was quickly added with ammonia solution and DI 
water, re-degassed with N2 for 3 mins and the volumetric flask was closed with 
the cap. The identical bottle was degassed with N2 at the same flow rate for 2 
mins. Following that, 0.5 g resin was put in the bottle and the bottle quickly 
closed with the cap. The solution was placed in the bottle until full (130 mL total 
volume), and the bottles were tightly sealed and placed on a roller at 35 rpm for 5 
hours loading. After loading, the stripping was carried out as the previous 
experiments. The samples for HPLC and ICP-OES, and the resin were also 
analyzed as the same approaches, and the pH of 5 hours loading solution was 
measured using pH probe. 
 
For the ICP analysis of total copper complexes, instead of using 1 mL NaCN 
(0.0167 M)  as applied gold thiosulfate samples (see Chapter 4 and Appendix B), 
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2 mL NaCN (0.0167 M) was added to each sample to stabilize the copper 
complexes in the sample. See Figures C.1.a and C.1.b in Appendix C where there 
is very small amount of salt as the precipitation result of copper complexes in the 
samples were treated with 2 mL NaCN (0.0167 M) after 5 days. Meanwhile, the 
samples with 2 mL NaCN (0.0167 M) has more salt on the bottom as the 
precipitation result of copper complexes in the samples after 5 days. 
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5.3 Results and Discussions 
 
5.3.1 Equilibrium Adsorption of Thiosulfate and Copper by 
Limiting Oxygen 
 
The experimental results for the equilibrium adsorption in multiple components 
resin-solution systems to investigate the effect of limiting oxygen on thiosulfate 
and copper are shown in Figures 5.1 and 5.2. Figure 5.1.a shows the result of 
multiple components resin-solution system with the initial concentration of 
species in solution such as 25 mM, 5 mM sodium trithionate, 1 mM copper(II) 
and  ammonia concentration in the range of 0-200 mM. 
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Figure 5.1 The measured thiosulfate concentration on resin over the initial 
ammonia in solution of multiple components resin-solution systems by N2 
degas with (a) 25 mM thiosulfate (b) 50 mM thiosulfate 
 
 
As shown in Figure 5.1.a, limiting oxygen presence in the system by degassing 
nitrogen, the thiosulfate concentration on resin is lifted from approximately 
217.727, 62.998, 50.381 and 27.706 mM to 392.957, 211.786, 197.715 and 
199.001 mM for the initial ammonia concentration in solution of 0, 50, 100 and 
200 mM, respectively. Moreover, in the system with 50 mM thiosulfate as can be 
seen in Figure 5.1.b, degassing nitrogen also results in the increase of the 
thiosulfate concentration on resin to be approximately 440.422, 204.084, 194.220, 
192.912 mM from approximately 127.157, 54.845, 43.799, and 38.186 mM for 
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the initial ammonia concentration in solution of 0, 50, 100 and 200 mM, 
respectively. 
 
More importantly, the concentration of copper on resin based on the stripping 
samples of HPLC analysis is increased by approximately 59.8, 97.6, 116.8 and 
224.9 % for the initial ammonia concentration in solution of 0, 50, 100 and 200 
mM, respectively by nitrogen degas in the system with 25 mM thiosulfate as 
revealed in Figure 5.2.a. The percentages are much more for the system with 50 
mM thiosulfate, which are 203.4, 196.5, 205.6 and 328.6 %, respectively from 
approximately 38.355, 15.869, 12.254 and 7.333 mM to approximately 116.364, 
47.37.444 and 31.433 mM, respectively as can be worked out from Figure 5.2.b. 
for the same the initial ammonia concentration in solution. 
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Figure 5.2 The measured copper concentration on resin over the initial 
ammonia in solution in the systems with 50 mM thiosulfate and (a) without 
N2 degas (b) with N2 degas 
 
 
Therefore, limiting oxygen in the multiple components resin-solution systems by 
degassing nitrogen is recommended for increasing copper adsorbed on resin. This 
was done for the rest of the experiments addressed in this chapter. In addition, 
since the same trends of thiosulfate and copper concentrations on anion exchange 
resin are highlighted in Figures 5.1 and 5.2, there is a considerable correlation 
between thiosulfate and copper in forming the copper complexes which could be 
adsorbed on the resin. This need requires further explanation on copper complexes 
by means of experimental and modelling work as discussed in Chapter 5 and 
Chapter 6. 
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5.3.2 Equilibrium Adsorption of Copper on Resin by Thiosulfate 
Concentration in Solution 
 
It is clearly shown in Figure 5.3 plotted from the data based on measurement in 
the multiple components resin-solution system that increasing the initial 
concentration of thiosulfate in solution results in the linear increase of equilibrium 
concentration of thiosulfate in solution. Due to the amount of thiosulfate adsorbed 
on resin is in proportion to the amount of thiosulfate lost in solution, the 
concentration of thiosulfate on resin increases linearly with the increase in the 
equilibrium concentration of thiosulfate in solution for the condition shown in 
Figure 5.3.  
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Figure 5.3 The initial thiosulfate concentration in solution versus the 
equilibrium thiosulfate concentration in solution 
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Figure 5.4 The equilibrium thiosulfate concentration in solution versus the 
equilibrium thiosulfate concentration on resin 
 
 
This is also evidently demonstrated by plotting the experimental data, as can be 
seen in Figure 5.4. The slope in Figure 5.4 is larger than the slope in Figure 5.3 
because the solution volume is larger than the resin volume. 
 
The total copper complexes adsorbed on resin can be calculated based on the 
measurement of the copper lost in solution of multiple components resin-solution 
system. The relationship between the thiosulfate concentration in solution and the 
copper on resin in multiple components resin-solution system with the absence of 
ammonia is shown in Figure 5.5, and the result of ICP-OES analysis on the total 
copper complexes are addressed in Table C.1 of Appendix C where in samples at 
loading time 0 (t = 0) and 2 hours (t = 2), the 1
st
 and 2
nd
 stripping are listed. The 
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total copper complexes plotted in Figure 5.5 are taken from the change 
concentration of copper in stripping solution. 
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Figure 5.5 The measured copper on resin over the thiosulfate concentration 
in solution without ammonia. The initial concentration of thiosulfate in 
solution applied is in the range of 0-400 mM 
 
 
As clearly shown in Figure 5.5, the copper adsorbed on resin seems to be dynamic 
exponentially decreased with the increase of thiosulfate concentration in solution. 
Firstly, it sharply drops from about 22.683 to 18.314 g copper/ kg dry resin for the 
increase of thiosulfate concentration in solution from about 7.607 to 9.514 mM, 
and then it gradually decreases to about 10.646 mM at the thiosulfate 
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concentration of 116.577 mM. Secondly, it suddenly drops to be 4.589 mM at the 
thiosulfate concentration of 143.073 mM, and then it gradually decreases with the 
increase of thiosulfate concentration in solution. From this trend, it is important to 
investigate the transition of copper complexes species in solution and on resin in 
the loading system. In addition, it follows a single exponential trend, the fitting 
equation is y = 22.294e
-0.009x
 with the correlation coefficient R
2
 being 0.972. 
 
 
5.3.3 The effect of Ammonia Concentration and Solution pH on 
Equilibrium Adsorption of Copper on Resin  
 
The effect of ammonia concentration in solution on total copper complexes 
adsorbed on resin in the multiple components resin-solution system with the 
various initial concentration of thiosulfate in solution is viewed in Figure 5.6, and 
the result of ICP-OES analysis on the total copper complexes are listed in Table 
C.2 of Appendix C where in samples at loading time 0 (t = 0) and 2 hours (t = 2), 
and the 1
st
 and 2
nd
 stripping are also listed. As can be clearly seen in Figure 5.6, 
the total copper complexes adsorbed on resin sharply decreases from 
approximately 22.322 g copper/kg dry resin when no ammonia is applied in 
solution to approximately 10.7122 g copper/kg dry resin when 50 mM ammonia 
being applied in solution with the initial concentration of thiosulfate being 20 
mM. Then, as the ammonia concentration in solution increases to 200 and 400 
mM, the total copper complexes adsorbed on resin gradually decreases to 7.688 
and 6.552 mM, respectively. 
 
Compared to the total copper complexes adsorbed on resin in the multiple 
components resin-solution system with the initial concentration of thiosulfate 
being 20 mM, the profile of the total copper complexes adsorbed on resin with the 
initial concentration of thiosulfate being 100 mM is decreased moderately from 
approximately 10.646 g copper/kg dry resin when no ammonia being applied in 
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solution to approximately 7.881 g copper/kg dry resin when 50 mM ammonia 
being applied in solution (see the bottom graph in Figure 5.6). The same shape of 
graph is also shown between the one with 20 mM thiosulfate and 100 mM 
thiosulfate. But for the one with 100 mM thiosulfate, the total copper complexes 
adsorbed on resin is lower proportionally, which is 6.079 and 5.097 g copper/kg 
dry resin for the ammonia concentration in solution of 200 and 400 mM, 
respectively as shown by the bottom graph in Figure 5.6. Thus, the dominant 
species of copper complexes on the resin control most amount of total copper 
complexes adsorbed on the resin (see the further discussion in Chapter 6). 
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Figure 5.6 The measured copper concentration on resin over initial 
concentration of ammonia in solution with various thiosulfate concentrations 
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Meanwhile, the relationship between the total copper complexes adsorbed on 
resin and the solution pH is sighted in Figure 5.7. Because the pH solution is 
normally generated by the concentration of ammonia in the solution, it is not 
surprising that the profile of the total copper complexes adsorbed on resin over the 
solution pH is almost the same as Figure 5.6. The more solution pH, the less total 
copper complexes adsorbed on resin is obtained. 
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Figure 5.7 The measured copper concentrations on resin over solution pH 
with various thiosulfate concentrations 
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5.3.4 Adsorption Isotherm of Copper in Multiple Components 
Resin-Solution Systems 
 
The adsorption isotherm of total copper complexes in the multiple components 
resin-solution system is clearly shown in Figure 5.8. The ammonia concentration 
applied in the system for the adsorption isotherm of total copper on resin shown 
by the bottom plots of the equation Yc = -674.15x + 81630 is in the range of 50-
400 with the equilibrium concentration of thiosulfate in solution being in the 
range of 6.932-85.841 mM. Meanwhile, when there is no ammonia applied, the 
system for the adsorption isotherm of total copper on resin are shown by the top 
plots of the equation Ya = -494.84x + 66491, and the equilibrium concentration of 
thiosulfate in solution is in the range of 9.016-143.073 mM. 
 
It should be noted that unlike the adsorption isotherm which linearly increase with 
the increase in the gold thiosulfate concentration in the solution presented in 
Figure 4.5 of Chapter 4, the adsorption isotherm of total copper complexes 
decrease with the increase in the total copper complexes in solution with and 
without ammonia applied in the system, as shown in Figure 5.8. As can be seen in 
Figure 5.8, increasing ammonia concentration in the system results in the lower 
total copper complexes adsorbed on resin. Overall, although the slope of the 
bottom linear fitting line is less than the top linear fitting line, the adsorption of 
total copper complexes with the addition of ammonia in the system may not be 
lifted up to the one without the addition of ammonia because the total copper 
adsorbed on the top plot (see the G plot in Figure 5.8) of the bottom line consists 
50 mM ammonia. 
 
Therefore, non-ammoniacal resin-solution (NARS) systems give much better 
adsorption isotherm of copper on the resin as clearly highlighted in the previous 
results and discussions. 
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Ya = -494.84x + 66491
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Figure 5.8 Adsorption isotherm of copper onto resin based on measurement 
in the system with and without the addition of ammonia 
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5.4 Conclusions 
 
This chapter provides the experimental procedures for the adsorption of 
thiosulfate and copper complexes on strong based anion exchange resin in the 
multiple components resin-solution systems. To increase the total copper 
complexes adsorbed on resin in multiple components resin-solution systems with 
various thiosulfate and ammonia concentrations in solution, degassing nitrogen is 
recommended in the experimental procedure to limit the presence of oxygen in the 
systems. 
 
A result shows that the concentration of thiosulfate in solution and adsorbed on 
resin is a linear increase with the increase in the initial concentration of thiosulfate 
in solution in multiple components resin-solution systems. The total copper 
complexes adsorbed on resin dynamic exponentially decreases with the increase 
of thiosulfate concentration in solution. Meanwhile, increasing ammonia in the 
solution results in the diminishing total copper complexes on the resin. As the 
solution pH of systems is maintained by the ammonia solution added in the 
system, the same effect of ammonia on the total copper complexes on resin is also 
shown. These profiles require further investigation (as discussed in Chapter 6) for 
the copper complexes species in solution and on resin in the systems. 
 
Overall, non-ammoniacal resin-solution systems give much better adsorption 
isotherm of copper on resin as clearly demonstrated in this chapter. 
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CHAPTER 6 
Modelling Copper Complexes in Multiple Components  
Resin-Solution Systems 
 
6.1 Introduction 
 
The leaching of copper using thiosulfate reagent has been investigated since it is 
almost presented in gold thiosulfate leaching, and it is mainly found that the 
concentration of copper is higher than the concentration of gold. It was 
recommended that the concentration of copper added as catalyst should be less 
than 5 mM to get the leaching of gold being linearly increases with the Cu(II) 
(Jeffrey et al., 2001). Limiting the presence of oxygen leach solution was 
proposed to decrease the oxidation of thiosulfate and reduction rate of copper(II)  
to copper(I) by thiosulfate (Breuer and Jeffrey, 2003). 
 
The fundamental thermodynamic data associated with copper (I) and copper (II)  
had been addressed (Stupko et al., 1998, Black, 2006). It was found in the recent 
study that the copper complex of CuNH3(S2O3)2
3−
 and CuNH3S2O3
−
 is the more 
stable species than the other species in solution with high concentrations of 
ammonia and/or thiosulfate. The equilibrium constants for the reactions associated 
with copper(I)-thiosulfate and copper(I)-ammonia in solution of systems were 
also determined in various media. In the media of ammonium thiosulfate solutions 
with strong base exchange resin, tetrathionate must be completely removed 
because it reduces the adsorption of copper (Zhang and Dreisinger, 2002). Anion 
exchange resin had been intensively used in the quantification of thiosulfate and 
polythionates in gold leach solution on the resins (Jeffrey and Brunt, 2007). 
However, there are still limited studies on the adsorption of copper complexes 
onto the resin at the equilibrium stage, and the equilibrium constants for the 
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reactions associated with thiosulfate, polythionates, ammonia and copper 
complexes on resin have not yet been determined in previous studies. 
 
Numerical method of Newton-Raphson was efficiently applied to model the 
multiple component in aqueous system (Robinson et al., 2000). The method was 
also used to specify the metals of Cu, Ca and Mg and the ligands of organics, 
carbonates and bicarbonates and to predict the concentration  of various copper 
species (Jagadeesh et al., 2006). The method has been applied in mineral and 
hydrometallurgy (Reuter and Sudhölter, 1996, Mansur et al., 2002, Himmi et al., 
2008, Casas et al., 2005). Interestingly, a mechanistic model had been developed 
to calculate equilibrium between the various copper cyanide complexes in both 
the aqueous and carbon phases by using Newton-Raphson method (Dai et al., 
2009). Yet, a model of reaction mechanism and the application of Newton-
Raphson method for the speciation of copper complexes in multiple components 
resin-solution systems with ammonium thiosulfate solution have not been 
proposed in the previous studies.  
 
Therefore, the main objective of this work is to investigate the adsorption of 
thiosulfate, polythionates and copper complexes on resin at the equilibrium in 
multiple components resin-solution systems with ammonium thiosulfate solution. 
The specific objectives of the work are: 
 
a. To model the reaction mechanism associated with thiosulfate, 
polythionates and copper complexes in the multiple components resin-
solution systems. 
b. To investigate the effect of thiosulfate and ammonia concentration in 
solution of systems on the adsorption of total copper complexes on the 
resin and the dominant species connected with the parameters. 
c. To determine the equilibrium constants for the proposed reactions in the 
systems. 
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6.2 Modelling Approach 
 
The leaching and adsorption of copper in a multiple components resin-solution 
system is expected to be a simultaneous complex process. Copper (I) in solution 
reacts with thiosulfate as the leaching reagent in excessive amount to form copper 
thiosulfate complexes in solution. In the same time, copper (I) in solution also 
reacts with ammonia being added to form copper amine complexes. Due to the 
competitive adsorption of thiosulfate and trithionate, the copper thiosulfate 
complexes and the copper amine complexes are expected to also react with 
trithionate on resin. Then, all the species in the multiple components resin-
solution system compete largely with one another to adsorb on anion exchange 
resin. Therefore, the equilibrium reaction mechanism associated with thiosulfate, 
trithionate, ammonia and copper complexes in the multiple components resin-
solution system could be expressed by the following equations: 
 
Cu
+
(aq) + S2O3
2−
(aq)
 
 <=> CuS2O3
−
(aq)
 
           log β1 = 9.29          (6.1) 
Cu
+
(aq) + 2S2O3
2−
(aq)
 
 <=> Cu(S2O3)2
3−
(aq)
 
                          log β2 = 12.17        (6.2) 
Cu
+
(aq) + 3S2O3
2−
(aq)
 
 <=> Cu(S2O3)3
5−
(aq)
 
                         log β3 = 14.48          (6.3) 
Cu
+
(aq) + NH3(aq)
 
 <=> CuNH3
+
(aq)
 
       log β4 = 5.8          (6.4) 
Cu
+
(aq) + 2NH3(aq)
 
 <=> Cu(NH3)2
+
(aq)
 
         log β5 = 10.37        (6.5) 
Cu
+
(aq) + 3NH3(aq)
 
 <=> Cu(NH3)3
+
(aq)      log β6 = 9.93         (6.6) 
Cu
+
(aq) + NH3(aq) + S2O3
2−
(aq)
 
 
 
<=>CuNH3S2O3
−
(aq)
        log β7 = 12.67        (6.7) 
Cu
+
(aq) + NH3(aq) + 2S2O3
2−
(aq)
 
 
 
<=> CuNH3(S2O3)2
3−
(aq)
 
 
   log β8 = 14.02        (6.8) 
CuS2O3
−
(aq)
 
 + 1/2R2S3O6(s) <=> 
 
 RCuS2O3(s) + 1/2S3O6
2−
(aq)             log K1 (6.9) 
Cu(S2O3)2
3−
(aq) + 3/2R2S3O6(s) <=> 
 
 R3Cu(S2O3)2(s)  + 3/2S3O6
2−
(aq)  log K2  (6.10) 
Cu(S2O3)3
5−
(aq) + 5/2R2S3O6(s) <=> 
 
 R5Cu(S2O3)3(s)  + 5/2S3O6
2−
(aq)  log K3  (6.11) 
CuNH3S2O3
−
(aq)
 
 + 1/2R2S3O6(s) <=> 
 
RCuNH3S2O3(s) + 1/2S3O6
2−
(aq) log K4   (6.12) 
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  CuNH3(S2O3)2
3−
(aq)
 
+ 3/2R2S3O6(s) <=> R3CuNH3(S2O3)2(s) + 3/2S3O6
2−
(aq)  
 log K5   (6.13)  
R2S2O3(s) + S3O6
2−
(aq)
  
<=> R2S3O6(s) + S2O3
2−
(aq)                                log K6   (6.14) 
 
where log β1 - log β8 are taken from the available literature (Stupko et al., 1998, 
Black, 2006) and log K6 is taken from the result shown in Figure 4.3 of Chapter 4, 
and the equilibrium constants K1–K5 are then obtained in this modelling approach. 
 
From Equations (6.1)-(6.14), there are 19 unknowns established with regards to 
the concentration of each species in solution ([…]) and on resin ([…]-R) which 
are namely; [Cu
+
], [CuS2O3
−
], [Cu(S2O3)2
3−
], [Cu(S2O3)3
5−
], [CuNH3], 
[Cu(NH3)2
+
], [Cu(NH3)3
+
], [CuNH3S2O3
−
], [CuNH3(S2O3)2
3−
], [NH3], [S2O3
2-
], 
[CuS2O3
-
]-R, [Cu(S2O3)2
3-
]-R, [Cu(S2O3)3
5-
]-R, [CuNH3S2O3
-
]-R, 
[CuNH3(S2O3)2
3-
]-R, [S2O3
2-
]-R, [S3O6
2-
]-R and [S3O6
2−
]. In order to be able to 
solve the 19 unknowns, at least 5 other equations are required. The required 5 
equations can be the 4 mass balance equations for each species (Equations (6.15)-
(6.18)), and a charge balance equation on resin (Equation (6.19)): 
 
Vs * [Cu (I)]total = Vs * ([Cu
+
] + [CuS2O3
−
] + [Cu(S2O3)2
3−
] + [Cu(S2O3)3
5−
] 
       + [CuNH3] + [Cu(NH3)2
+
] + [Cu(NH3)3
+
] + [CuNH3S2O3
−
] 
       + [CuNH3(S2O3)2
3−
] ) + Vr * ([CuS2O3
-
]-R + [Cu(S2O3)2
3-
]-R 
                              + [Cu(S2O3)3
5-
]-R + [CuNH3S2O3
-
]-R + [CuNH3(S2O3)2
3-
]-R)         
(6.15)                                          
Vs * [S2O3
2−
]total = Vs * ([CuS2O3
−
] + 2[Cu(S2O3)2
3−
] + 3[Cu(S2O3)3
5−
] 
        + [CuNH3S2O3
−
] + 2[CuNH3(S2O3)2
3−
] + [S2O3
2-
]) 
        + Vr * ([CuS2O3
-
]-R + 2[Cu(S2O3)2
3-
]-R + 3[Cu(S2O3)3
5-
]-R 
        + [CuNH3S2O3
-
]-R + 2[CuNH3(S2O3)2
3-
]-R + [ S2O3
2-
]-R )             
(6.16) 
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Vs * [NH3]total    = Vs* ([CuNH3] + 2[Cu(NH3)2
+
] + 3[Cu(NH3)3
+
] 
 + [CuNH3S2O3
−
] + [CuNH3(S2O3)2
3−
] + [NH3]) 
    + Vr * ([CuNH3S2O3
-
]-R + [CuNH3(S2O3)2
3-
]-R)              (6.17) 
Vs * [S3O6
2−
]total = Vs * [S3O6
2-
] + Vr * [S3O6
2-
]-R                                         (6.18) 
1300    = -1 * [CuS2O3
-
]-R + -3 * [Cu(S2O3)2
3-
]-R + -5 * [Cu(S2O3)3
5-
]-R 
                + -1 * [CuNH3S2O3
-
]-R + -3 * [CuNH3(S2O3)2
3-
]-R 
             + -2 * [S2O3
2-
]-R + -2 * [S3O6
2−
]                                  (6.19) 
 
where Vs and Vr are the solution and resin volume, respectively, and the number 
of 1300 indicates the total available charge on resin. A numerical method utilising 
the multi-dimensional Newton-Raphson (Norman, 2001) approach in Excel 
software has been adopted. The Taylor Series f x h  of 19 functions associated 
to Equations [6.1] to (6.19) with 19 unknowns, the column vector ( )f x  of the 19 
unknowns and Jocobian matrix ( )J x  could be expressed as Equations (6.20), 
(6.21) and (6.22), respectively where the iteration function can be represented as 
Equation (A.23): 
 
         
19 1 19 1' ..., ; ,x xf x h f x f x h f R x h R              (6.20) 
 
 
1
2
19
( )
( )
( )
( )
f x
f x
f x
f x
                                                         (6.21) 
  
Chapter 6 
________________________________________________________ 
108 
1 1 1
1 2 19
2
1
19 19
1 19
( ) ( ) ( )
( )
( )
( ) ( )
f x f x f x
x x x
f x
xJ x
f x f x
x x
                                   (6.22) 
 
1
1k k kx x J f x                                       (6.23) 
 
 
6.3 Experimental Data 
 
In order to obtain the equilibrium constants K1–K5, the proposed model is 
simulated with a wide range of parameters such as the concentrations of 
thiosulfate and ammonia. A set of experimental data with a wide range of 
parameters such the concentrations of thiosulfate and ammonia is also needed. 
Therefore, the experimental results of equilibrium adsorption in the multiple 
components resin-solution systems with nitrogen degas from Chapter 5 were 
taken into account. To minimize the sum of weighted deviation square between 
the modelling results and experimental result, Levenberg-Marquardt method 
(Williams et al., 2002) was applied. 
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6.4 Results and Discussion 
 
Taking natural logs of all the equations (6.1)-(6.19) for the multi-dimensional 
Newton-Raphson methods results: 
 
2
1 1 2 3 2 3ln ln ln lnf Cu S O CuS O  
2 3
2 2 2 3 2 3 2ln ln 2 ln ln ( )f Cu S O Cu S O  
2 5
3 3 2 3 2 3 3ln ln 3ln ln ( )f Cu S O Cu S O  
4 4 3 3ln ln ln lnf Cu NH CuNH  
5 5 3 3 2ln ln 2 ln ln ( )f Cu NH Cu NH  
6 6 3 3 3ln ln 3ln ln ( )f Cu NH Cu NH  
2
7 7 3 2 3 3 2 3ln ln ln ln lnf Cu NH S O CuNH S O   
2 3
8 8 3 2 3 3 2 3 2ln ln ln 2ln ln ( )f Cu NH S O CuNH S O  
3 5
2 3 2 3 2 2 3 3ln ln ln ( ) ln ( )
9 *
Cu CuS O Cu S O Cu S O
f Vs e e e e  
           3 2 3 3 3 2 33 ln ( ) ln ( ) lnln Cu NH Cu NH CuNH S OCuNHe e e e
 
           
3
3 2 3 2ln ( )
( )
CuNH S O
total
e Cu I
2 3ln
*
CuS O R
Vr e  
           
3 5
2 3 2 2 3 3 3 2 3ln ( ) ln ( ) lnCu S O R Cu S O R CuNH S O R
e e e
    
           
3
3 2 3 2ln ( )CuNH S O R
e  
3 5
2 3 2 3 2 2 3 3ln ln ( ) ln ( )
10 * 2 3
CuS O Cu S O Cu S O
f Vs e e e  
       
3 2
3 2 3 3 2 3 2 2 3ln ln ( ) ln 2
2 32
CuNH S O CuNH S O S O
total
e e e S O  
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3 5
2 3 2 3 2 2 3 3ln ln ( ) ln ( )
* 2 3
CuS O R Cu S O R Cu S O R
Vr e e e  
           
3 2
3 2 3 3 2 3 2 2 3ln ln ( ) ln
2
CuNH S O R CuNH S O R S O R
e e e  
3 2 3 33
ln ( ) ln ( )ln
11 * 2 3
Cu NH Cu NHCuNH
f Vs e e e  
           
3
3 2 3 3 2 3 2 3
ln ln ( ) ln
32
CuNH S O CuNH S O NH
total
e e e NH  
           
3
3 2 3 3 2 3 2 3
ln ln ( ) ln
* 2
CuNH S O R CuNH S O R NH
Vr e e e  
2
12 1 2 3 3 6 2 3
1
ln ln ln ln
2
f K CuS O S O R CuS O R  
          
2
3 6
1
ln
2
S O  
3 32
13 2 2 3 3 6 2 32 2
3
ln ln ln ln
2
f K Cu S O S O R Cu S O R  
         
2
3 6
3
ln
2
S O  
5 52
14 3 2 3 3 6 2 33 3
5
ln ln ln ln
2
f K Cu S O S O R Cu S O R  
         
2
3 6
5
ln
2
S O  
2
15 4 3 2 3 3 6 3 2 3
1
ln ln ln ln
2
f K CuNH S O S O R CuNH S O R  
          
2
3 6
1
ln
2
S O  
3 2
16 5 3 2 3 3 62
3
ln ln ln
2
f K CuNH S O S O R  
         
3 2
3 2 3 3 62
3
ln ln
2
CuNH S O R S O  
2 2 2 2
17 6 2 3 3 6 3 6 2 3ln ln ln ln lnf K S O R S O S O R S O  
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2 2
3 6 3 6ln ln2
18 3 6* *
S O S O R
total
f Vs e S O Vr e  
3 5
2 3 2 32 3 2 3
3ln lnln
19 5
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Then, a column vector x of the unknowns is obtained as follow: 
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The column vector of the nineteen f functions to solve and the Jacobian matrix are 
listed in Equation D.1 and Table D.1 in Appendix D, respectively. 
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6.4.1 Model-based Equilibrium Adsorption of Copper on Resin 
by Thiosulfate Concentration in Solution 
 
Figure 6.1 shows the model-based total copper complexes adsorbed on resin, and 
an example of the multi-dimensional Newton-Raphson method application to 
obtain the model-based total copper complexes adsorbed on resin for the D.2 plot 
in Figure 6.1 is listed in Tables D.2 of Appendix D.  
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Figure 6.1 The model-based total copper complexes on resin over the 
thiosulfate concentration in solution without ammonia with 0-400 mM initial 
concentration of thiosulfate in solution 
 
D.2 
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Interestingly, the model-based profile of total copper complexes adsorbed on resin 
is typically the same as the one based on experiment as revealed in Figure 6.1. 
The total copper complexes adsorbed on resin is approximately 22.561, 14.703, 
4.842 and 1.227 mM for approximately 7.607, 46.728, 143.073 and 355.150 mM 
thiosulfate concentrations in solution, respectively, which is also the same as the 
one based on the experiment. It is approximately 20.348 mM for the 9.514 mM 
thiosulfate concentrations in solution, which is much lower than the experiment-
based one. It is a bit higher than the one for the experiment with 116.577 mM 
thiosulfate concentrations in solution, which is 9.662 mM. Assuming it also 
follows a single exponential trend as discussed in Chapter 5, the model-based 
fitting equation is y = 22.231e
-0.0086x 
with the correlation coefficient R
2
 being 
0.981. As obtained by Figure 6.2, the model-based results is in a good agreement 
with the ones by the experiment with the correlation coefficient R
2
 being 0.987. 
 
y = 1.0287x - 0.0542
R2 = 0.9874
0
5
10
15
20
25
0 5 10 15 20 25
Experiment-based Copper Loading
(g copper/ kg dry resin)
M
o
d
e
l-
b
a
s
e
d
 C
o
p
p
e
r 
L
o
a
d
in
g
(g
 c
o
p
p
e
r/
 k
g
 d
ry
 r
e
s
in
)
 
  
Figure 6.2 The relationship between the experiment-based and model-based 
total copper complexes on resin in the system without ammonia                  
with 0-400 mM initial concentration of thiosulfate in solution 
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6.4.2 Model-based Equilibrium Adsorption of Copper on Resin 
by Ammonia Concentration and Solution pH 
 
Re-producing Figure 5.6 in Chapter 5 using the data of model-based result, gives 
the total copper complexes adsorbed on resin for the initial thiosulfate 
concentrations of 20 and 100 mM with the various concentration of ammonia in 
solution as can be seen in Figure 6.3. The effects of ammonia concentration at the 
various initial thiosulfate concentrations are obviously shown on the results which 
are the same effect as shown by the experimental results discussed in Chapter 5.  
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Figure 6.3 Model-based copper concentrations on resin over initial 
concentration of ammonia in solution with various thiosulfate concentrations 
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The profile of total copper complexes adsorbed on resin over the solution pH is 
shown in Figure 6.4. The total copper complexes adsorbed on resin with the initial 
concentration of thiosulfate being 100 mM is typically the same as the one by 
experiment, especially at the solution pH of 9.04, 9.65 and 9.97. It is a bit 
different at the solution pH of 7.74, which is approximately 9.661 g copper/kg dry 
resin being 9.244 % less than the one by experiment. Meanwhile, it is 
approximately 20.783 g copper/kg dry resin for the initial concentration of 
thiosulfate of 20 mM which is a bit less than the measured value of 22.322 g 
copper/kg dry resin. It is approximately 5.521 and 6.552 g copper/kg dry resin at 
the solution pH of 9.97. 
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Figure 6.4 Model-based copper concentrations on resin over solution pH with 
various thiosulfate concentrations 
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Overall, model-based adsorption of total copper complexes is therefore in good 
agreement with the ones based on measurement where the correlation coefficient, 
R
2
 between the model-based result and the experimental-based result is 
approximately 0.998. 
 
 
6.4.3 Model-based Adsorption Isotherm of Copper in Multiple 
Components Resin-Solution Systems 
 
Re-producing Figure 5.8 using the modelling data, gives the model-based 
adsorption isotherm of total copper complexes in the multiple components resin-
solution system as can be seen in Figure 6.5. The same conditions are applied in 
the modelling result with linear fitting of Yd = -694.9x + 84084, such as the 
ammonia concentration being in the range of 50-400 mM and the thiosulfate 
concentration being in the range of 6.932-85.841 mM. The correlation coefficient, 
R
2 
between model and experiment-based results in the system with the addition of 
ammonia is approximately 0.966. Meanwhile when there is no ammonia applied 
the system for the adsorption isotherm of total copper complexes on resin shown 
by the top plots of the equation Yb = -493.89x + 67810, the equilibrium 
concentration of thiosulfate in solution is also in the range of 9.016-143.073 mM. 
It gives the better correlation coefficient, R
2 
between model and experiment-based 
results which is approximately 0.998. As expected, non-ammoniacal resin-
solution (NARS) system also gives much better adsorption isotherm of copper on 
resin as clearly shown in Figure 6.5. 
 
The equilibrium constants associated with Equations (6.9)-(6.13); K1, K2, K3 K4 
and K5 are obtained which is approximately 1.00E+02, 1.06E+00, 1.00E-08, 
1.51E+00, 4.57E-05 and 9.50E+01, respectively.  
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Figure 6.5 Adsorption isotherm of copper onto resin based on measurement 
and model in the system with and without the addition of ammonia solution 
 
 
6.4.4 Model-based Copper Complexes Species in Multiple 
Components Resin-Solution Systems 
 
The other remarkable outcome of modelling approach is the speciation of copper 
complexes in the multiple components resin-solution systems. Firstly, the 
speciation of copper complexes in the system without ammonia is shown in 
Figure 6.6 with the initial conditions applied were 0-400 mM thiosulfate, 5 mM 
sodium trithionate and 2 mM cupper(II) sulphate. The dynamic exponential trends 
G 
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by both experiment-based and model-based results which are shown in Figure 6.1 
could be explained by the presentation of copper complexes species on resin 
shown Figure 6.6 and copper complexes species in solution shown Figure 6.7. 
The concentration (% M) of all the species in the system without ammonia is 
listed in Table D.3 of Appendix D. 
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Figure 6.6 The graphical representation of model-based equilibrium 
concentration of copper complexes species on resin over the equilibrium 
concentration of thiosulfate in solution without ammonia 
 
The result in Figure 6.6 obviously shows that Cu(S2O3)2
3−
 is the most dominant 
species of copper complexes on resin in the multiple components resin-solution 
system without ammonia. The trend of this species adsorbed on resin over the 
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equilibrium thiosulfate concentration in solution is typically the same as the 
model-based and measured total copper complexes adsorbed on resin shown in 
Figure 6.1. As viewed in Figure 6.7 and listed in Table D.3 of Appendix D, it 
could be noticed that the percentage of copper complex species of Cu(S2O3)2
3−
 in 
solution is in a considerable range which is approximately 11.194-3.596 % from 
the increase in the equilibrium thiosulfate concentration in solution at the range of 
approximately 7.607-116.115 mM.  
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     Figure 6.7 The graphical representation of model-based equilibrium 
concentration of copper complexes species in solution over the equilibrium 
concentration of thiosulfate in solution without ammonia 
 
Increasing the equilibrium thiosulfate concentration in solution from 
approximately 116.114 mM to 141.300 mM results in an increase of the 
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concentration of copper complex species Cu(S2O3)3
5− 
in solution (see Figure 6.7 
and Table D.3 of Appendix) which is the reactant of the equilibrium reaction of 
Equation (6.11). As the consequence, copper complexes species Cu(S2O3)2
3−
 on 
resin (see Figure 6.6) proportionally decreases from 28.719 % to 13.931 % with 
the increasing thiosulfate concentration in solution from approximately 116.114 
mM to 141.300 mM, respectively. 
 
Not surprisingly, the equilibrium concentration of copper complexes in solution at 
equilibrium can be specified. As a result shown in Figure 6.8 and Table D.4 of 
Appendix wherein the initial condition was applied; 20 mM thiosulfate, 5 mM 
sodium trithionate and    2 mM cupper(II) sulphate, 0-400 mM ammonia,  the 
most dominant species of copper complexes species in solution is CuNH3S2O3
−
. 
The copper complex species CuNH3S2O3
−
 in solution sharply increases from 
approximately 2.851 % to 34.499 % for the increase of ammonia concentration in 
solution from 0 mM to 50 mM, respectively. Then, it gradually increase from 
approximately 34.499 % to 51.697 % for the same increase of ammonia 
concentration in solution from 50 mM to 400 mM, respectively. The second 
dominant copper complex species in solution is CuNH3(S2O3)2
3−
, the species also 
gradually increase from approximately 12.707 % to 19.901 %, respectively. 
 
Interestingly, the contradictory trends occur in the copper complexes species 
Cu(S2O3)3
5−
 and Cu(S2O3)2
3− 
in solution where the species in the solution decrease 
gradually from approximately 12.378 % to 2.481 % and from about 3.685 % to 
0.707 %, respectively for the increase ammonia concentration in solution from 50 
mM to 400 mM, respectively (see Figure 6.8 and Table D.4 of Appendix). These 
indicate that introducing ammonia in the multiple components resin-solution 
system promotes the reaction of both species Cu(S2O3)2
3−
 and Cu(S2O3)3
5−
 with 
ammonia to form mixed complexes CuNH3S2O3
−
 and CuNH3(S2O3)2
3−
, 
respectively. Moreover, increasing ammonia concentration in the solution result in 
increased percentages of CuNH3S2O3
−
 and CuNH3(S2O3)2
3−
, and decreased 
percentages of Cu(S2O3)2
3−
 and Cu(S2O3)3
5−
, as revealed in Figure 6.8. 
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Figure 6.8 The graphical representation of model-based equilibrium 
concentration of copper complexes species in solution over ammonia 
concentration in solution 
 
Meanwhile, the equilibrium concentration of copper complexes on resin over the 
ammonia concentration in solution is shown in Figure 6.9 and Table D.4 of 
Appendix. The most dominant species of copper complex species on resin is 
Cu(S2O3)2
3−
. The species Cu(S2O3)2
3− 
sharply decreases from approximately 
56.573 % to 29.878 % for the increase of ammonia in solution from 0 mM to 50 
mM. Then, it gradually decreases from approximately 29.9 % to 11.2 % for an 
increase in ammonia concentration in solution from 50 mM to 400 mM, 
respectively. The second dominant copper complex on resin is CuNH3S2O3
−
, and 
the species gradually increase from approximately 3.39 % to 6.34 %, respectively 
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(see Figure 6.9). Interestingly, the total percentage of copper complexes adsorbed 
on resin for the concentration ammonia being 0 mM, 50 mM, 200 mM, and 400 
mM in the system is approximately 61.559 %, 35.191 %, 23.799 % and 17.945 %, 
respectively, and the total percentage of copper complexes in the solution for the 
concentration ammonia being 0 mM, 50 mM, 200 mM, and 400 mM is 
approximately 38.402 %, 64.087 %, 75.404 % and 81.699 %, respectively. These 
percentages give the sum of related species in the system of 99.962 %, 99.278 %, 
99.203 % and 99.644 %, respectively which demonstrate that there is almost no 
copper lost during the leaching and adsorption processes.  
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Figure 6.9 The graphical representation of model-based equilibrium 
concentration of copper complexes species on resin over ammonia 
concentration in solution 
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6.5 Conclusions 
 
To model the copper complexes in multiple components resin-solution systems, a 
numerical method of multi-dimensional Newton-Raphson was utilised. Dynamic 
exponentially decrease of model-based total copper complexes adsorbed on resin 
with the increase of thiosulfate concentration in solution was highlighted, which is 
supporting the results by experiments discussed in Chapter 5. These profiles are 
answered by the presentation of modelling results addressed in Chapter 6. 
 
The total copper complexes on resin decrease with the increase ammonia in 
solution and the solution pH. The modelling results show that copper complex 
species Cu(S2O3)2
3−
 is the most dominant species on resin, and copper complex 
species Cu(S2O3)3
5
 is the most dominant species in solution in the system without 
ammonia. 
 
In the system with ammonia, copper complex species Cu(S2O3)2
3−
 is also the most 
dominant species on resin, and copper complex species CuNH3S2O3
−
 is the most 
dominant species in solution. Overall, the proposed reaction mechanism could be 
used to present the copper complexes in the systems. 
 
All the model-based results are in good agreements with the ones by experiments 
with the average correlation coefficient, R
2
 being 0.993. The equilibrium 
constants are summarised in Table 6.1: 
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Table 6.1 The proposed equilibrium reactions and the equilibrium constants 
in the multiple components resin-solution system of copper complexes 
Equilibrium Reactions 
Equilibrium 
Constants 
CuS2O3
−
(aq)
 
 + 1/2R2S3O6(s) <=> 
 
 RCuS2O3(s) + 1/2S3O6
2−
(aq)              1.00E+02 
Cu(S2O3)2
3−
(aq) + 3/2R2S3O6(s) <=> 
 
 R3Cu(S2O3)2(s)  +   
3/2S3O6
2−
(aq) 1.06E+00 
Cu(S2O3)3
5−
(aq) + 5/2R2S3O6(s) <=> 
 
 R5Cu(S2O3)3(s)  + 
5/2S3O6
2−
(aq) 1.00E-08 
CuNH3S2O3
−
(aq)
 
 + 1/2R2S3O6(s) <=> 
 
RCuNH3S2O3(s) + 
1/2S3O6
2−
(aq) 1.51E+00 
CuNH3(S2O3)2
3−
(aq)
 
+ 3/2R2S3O6(s) <=> R3CuNH3(S2O3)2(s) + 
3/2S3O6
2−
(aq)  4.57E-05 
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CHAPTER 7 
Modelling Adsorption of Thiosulfate, Polythionates and Gold 
Thiosulfate in Non-Ammoniacal Resin-Solution Systems 
 
7.1 Introduction 
 
Cyanide has been used as a leach reagent at gold mining industries since its value 
as a leach reagent for gold ore treatment was firstly recognized by John Stewart 
MacArthur in 1880 and then patented in 1888. The cyanidation process relies on 
the fact that gold dissolves in aerated cyanide solution to produce the gold cyanide 
complex. It has been the most important extraction process for gold and silver for 
over 100 years (MacArthur, 1988, Marsden and House, 1992, Logsdon et al., 
1999, Young, 2001). 
 
In fact, the affinity of gold thiosulfate complex for carbon is less than the affinity 
of gold cyanide ion for carbon (Kononova et al., 2001), which would contribute to 
the poor capacity of carbon adsorbents for  gold thiosulfate. Ion-exchange resins 
have abundant functional groups of like charge which concentrate the thiosulfate 
complex of opposite charge (counter-ions) and activated carbon adsorbs the 
aurocyanide ions between optimally spaced uncharged graphitic layers of the 
matrix (Grosse et al., 2003). Commercial anion exchange resins for the recovery 
of gold from thiosulfate leach liquors and pulps was evaluated, the result showed 
that anion exchange resins are more effective than carbon for the recovery of gold 
thiosulfate complex (Nicol and O'Malley, 2002). 
 
Lagergren model (Lagergren, 1989, Vázquez et al., 2007) and Ho model (Ho et 
al., 1996) are commonly employed to present adsorption kinetics and to obtain the 
rate constant based on experimental data. Freundlich model is normally used to 
present the over-all adsorption capacity and intensity (Faust and Aly, 1998) based 
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on experimental data. Moreover, the equilibrium concentration of sorbent in the 
models is obtained from experiment. 
 
There is still limited study on dynamic models for kinetics and equilibrium 
adsorption of thiosulfate, polythionates and gold in the leaching of gold using 
thiosulfate reagent particularly in non-ammoniacal resin-solution (NARS) 
systems. Therefore, the main objective of this study is to model the adsorption of 
thiosulfate, polythionates and gold thiosulfate in multiple components NARS 
systems. The specific objectives of the work are: 
 
a. To develop dynamic models for kinetics and equilibrium adsorption of 
thiosulfate, polythionates, gold thiosulfate in the NARS systems. 
b. To predict the amount of species adsorbed on resin over time and at the 
equilibrium in the NARS systems. 
c. To obtain the kinetics constant for the adsorption of each species adsorbed 
on resin and to obtain the overall adsorption capacity and intensity based 
on the modelling in the NARS systems. 
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7.2 Modelling Approach 
 
The adsorption kinetics of an ion exchange reaction could be similar with 
homogeneous chemical reaction with the assumption that all the available 
exchange sites are in contact with the solution over time. Therefore the rate of 
thiosulfate, polythionates and gold adsorbed on resin in the batch NARS system is 
proportional to thiosulfate, polythionates and gold lost in the solution, and it can 
be expressed as: 
 
( ) ( )
( )
S S S
R
R
X t X Vd
X t k
dt V
                              (7.1) 
where,  
k  =  the rate constant of species adsorbed on resin (s-1) 
t  =  the adsorption time (s) 
RV  =  the resin volume (L) 
SV  =  the solution volume (L) 
( )RX t  =  the species concentration on resins at time t (M) 
( )SX t  =  the species concentration in solution at time t (M) 
( )SX  =  the species concentration in solution at the equilibrium condition (M) 
 
Meanwhile the overall mass balance of species is: 
 
( ) ( ) (0)R R S S S SV X t V X t V X                                  (7.2) 
 
Substituting Equation (7.2) into Equation (7.1), factoring k, and simplifying give 
the equations below: 
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( ) ( )R R
d
X t k X t
dt
                                       (7.3) 
where  
(0) ( )S S
S
R R
X X
V
V V
                                       (7.3a) 
 
Integrating Equation (7.3) results: 
 
( ) ktRX t Ce                                              (7.4) 
 
where C is an integration constant. When t = 0, C , then the concentration of 
species adsorbed over time could be predicted using Equation (7.5): 
 
( ) 1 ktRX t e                                           (7.5) 
 
The adsorption of species on resin at time t, ( )Q t  (g/kg) can be expressed as 
Equation (7.6): 
 
(0) ( )
( )
1
S S
R
kt
S
X X
Q t
m
V MW e
                                      (7.6) 
 
where Rm  represents the mass of dry resin (g) and MW  is the molecular weight 
of species (g mol
-1
). Since Equations (7.5) and (7.6) consist of the equilibrium 
constant of species, ( )SX  is needed to derive a model, so that the concentration 
of species adsorbed on resin could be predicted at any time before reaching the 
equilibrium condition. Because ( )SX  also represents the concentration of 
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species in the solution, the species concentration on resins at any time t, ( )SX t  is 
required. Substituting Equation (7.5) into Equation (7.2) for ( )RX t , gives: 
 
( ) (0) ( ) ( )kts S S SX t X X e X                          (7.7) 
 
While the species concentration at the time t such as the adsorption equilibrium 
condition is being reached, ( )sX t  value is equal to ( )SX  value. In modelling 
the equilibrium concentration of species, the deviation between (0)sX  and 
( )SX  values denoted as AE  is consequently   applied and give the 
mathematical expression as below: 
 
(0)
( )
e e
e
kt kt
S
S kt
X e AEe
X
e
                         (7.8) 
 
where 
et  (s) is the time when the adsorption equilibrium condition is being 
reached, which can be obtained from the batch test. The AE  value is obtained 
from the experimental and simulated results of batch experiments. The absolute 
value is needed to take into account in Equation (7.8) because AE  can be 
represented as (0) ( )s sX X  or ( ) (0)s sX X , and there will be a deviation 
between experimental-based ( )sX  and model-based ( )sX .  Substituting 
Equation (7.8) into Equation (7.6) results: 
 
(0)
(0)
( )
1
e e
e
kt kt
S
S kt
R
kt
S
X e AEe
X
e
Q t
m
V MW e
                       (7.9) 
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Then, the equilibrium exchange relationship between the liquid and solid phases 
can be represented by: 
 
(0)
(0)
1
e e
e
e
kt kt
S
S kt
e
R
kt
S
X e AEe
X
e
Q
m
V MW e
                           (7.10) 
 
where 
eQ  is denoted as  the adsorption of species on resin at the equilibrium time 
(g species/ kg dry resin). It is also worthy to model the adsorption kinetics based 
on the initial concentration of liquid phase, so the equilibrium concentration of 
species in liquid and on solid phase can be predicted before the equilibrium 
condition reached. In addition, manipulating the initial concentration of liquid 
phase is also needed when optimization and control approach are required. Hence, 
Equations (7.9) and (7.10) would be modified to expand the AE  as a function of 
initial concentration of species in solution. Because resin capacity, RCP  (eq/L) is 
fixed in batch NARS system, the total of available charge surface sites on resin, 
RS  (eq) is also constant. The constant value is dependent on the resin volume, RV  
(L); R R RS CP V . As the consequence, the AE  value attains a maxima when RS  
is filled by charge species, SS  (eq), and the AE  trend will be: 
 
(0)
max(0) 1
S
A
X
C
SAE X AE e                            (7.11) 
 
where AC  is denotes a correction factor, which can be obtained from 
experimental and model simulation; and maxAE  is maximum AE  where the 
value can be determined using experimental data at the maximum initial 
concentration of species by which it is assumed that all species in solution filled 
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all the available charge surface sites on resin. Instead of using maxAE  term,  
M term is presented to adopt the step response of a first-order process (Seborg, 
Edgar et al. 2004), Equation (7.11) can be expressed as: 
 
(0)
(0) 1
S
A
X
C
SAE X M e , max(0) (0)S R SX X              (7.12) 
                                                                                                
where M is the magnitude of the response; /( )S R R S SM S S c V c , and 
max (0)R SX  is the maximum concentration of species in solution based on resin 
calculation; max (0) /R S S S RX S c c . The ( )Rc e  is the charge on each site on 
resin when 1 mol of resin exchange centre being released from resin, and ( )Sc e  
corresponds to the charge of 1 mol species. When (0)SX  > max (0)R SX , 
Equation (7.12) becomes: 
 
max (0)
(0) 1
R S
A
X
C
SAE X M e                               (7.13) 
 
To compare the modelling result on the adsorption kinetics studies using resin and 
species adsorbed on resin, the Lagergren equation (Lagergren 1989; Vázquez, 
Rodríguez-Iglesias et al. 2007) representing the pseudo-first-order model  shown 
by Equation (3.15) and Ho equation (Ho, Wase et al. 1996) as the pseudo-second-
order model shown by Equation (3.16) shown in Chapter 3 are taken into account. 
The Langmuir equation (Langmuir, 1916) and Freundlich equation (Weber, 1972) 
are also taken into account to address the adsorption capacity of resin and the 
adsorption intensity of species based on modelling. The modelling results are 
compared to the experimental result worked out using Equations (3.19) and (3.20) 
shown in Chapter 3. 
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7.3 Experimental Data 
 
In order to obtain the kinetics rate constants for the adsorption of thiosulfate, 
trithonate, tetrathionate and gold thiosulfate adsorbed on resin in the NARS 
system, the proposed models are simulated with a wide range of the concentration 
of species. A set of experimental data with a wide range of the concentration of 
species are also used. Therefore, the experimental results for the kinetics and 
equilibrium isotherm adsorption of thiosulfate, trithionate, tetrathionate and gold 
thiosulfate presented in Chapter 3 were taken into account. To minimize the sum 
of weighted deviation square between the modelling results and experimental 
result, Levenberg-Marquardt method (Williams et al., 2002) was applied. 
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7.4 Results and Discussions 
 
The commercial strong based anion exchange resin of Purolite A500/2788 is used 
in the experimental work and modelling (PUROLITE, 2008). The exchange centre 
of the resin is the chloride electron. The resin (0.333 g wet) used in the 
experiments and modelling has parameters as listed in Table 7.1. As can be seen 
in Table 7.1, Rm  value based on experiment is varied but it is still acceptable and 
much closed to the model-based value. For instance, experiment-based Rm  are 
approximately 0.2004, 0.2003, 0.1993, 0.2006 and 0.1998 g for the 5 batches. 
 
 
Table 7.1 Resin parameters for experiments and modelling 
Parameter Experiments Modelling 
RCP (eq/L) 1.3 1.3 
( )Rc e  
-1 -1 
Rm  (g) 
~ 0.2 0.2 
RV  (L) ~ 0.0005 0.0005 
RS  (eq) ~ 0.65 0.65 
 
 
In order to obtain the kinetics rate constant for the adsorption of each species 
adsorbed on resin in the NARS system, the proposed models of Equations (7.9) 
and (7.12) with AC  being 1 are simulated. Unlike the Lagergren and Ho 
equations, the equilibrium concentration of species on resin is not required in 
obtaining the kinetics rate constant using the proposed model. To minimize the 
sum of weighted deviation square between the experimental results and model 
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results Levenberg-Marquardt method (Williams et al. 2002) was applied, and the 
function can be written as Equation (7.14): 
 
300
2
.
0
( , )M Exp t M M
t
WD Q Q k t                           (7.14) 
 
where MWD  are the sum of weighted deviation square between the experimental 
results and model results associated with the proposed (Muslim) model; MWD  is 
minimized, so that 0MWD  is subjected to the Muslim model-based kinetic rate 
constant of Mk > 0; and .Exp tQ  (g species/ kg dry resin) is the species loading at 
the loading time t (minute) based on the experimental data. 
 
 
7.4.1 Model-based Kinetics Adsorption of Thiosulfate, 
Polythionates and Gold Thiosulfate 
 
Figure 7.1 shows the results plotted based on the experiment, Lagergren, Ho and 
Muslim on the kinetics adsorption of thiosulfate in the NARS system with the 
initial concentration of thiosulfate in solution being 3 mM and 0.333 g resin. As 
can be seen by the dot plot in Figure 7.1, thiosulfate concentration on resin 
sharply increases from 0 to 140.136 g thiosulfate/ kg dry resin for the first 30 
minutes of loading time. It is approximately 138,739 133.785 and 144.825 g 
thiosulfate/ kg dry resin based on Muslim, Lagergren and Ho models at 30 
minutes of loading time. Then, it slowly increases with time following first-order 
model until reaching the equilibrium which is approximately 168.317, 168.297, 
and 168.317 and 165.629 g thiosulfate/ kg dry resin based on the experiment, 
Muslim, Lagergren and Ho models, respectively at 300 minutes of loading time. 
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The Muslim model-based rate constants of thiosulfate adsorption, Mk is 
approximately 0.0579 minute
-1 
which is almost the same as the one by Lagergren 
(see the Lk  value highlighted in Chapter 3). There is a very good agreement 
between the experimental result and Muslim model-based result with the 
correlation coefficients, R
2 
of approximately 0.998. 
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Figure 7.1 Kinetics adsorption of thiosulfate based on experiment, 
Lagergrne, Ho and Muslim models 
 
The profile of trithionate adsorbed on resin versus the loading time in the NARS 
system with the initial concentration of trithionate in solution being 3 mM and 
0.333 g resin, is shown in Figure 7.2. The Muslim model-based rate constant of 
trithionate adsorption, Mk  is approximately 0.0359 minute-1, and it is 
  
Chapter 7 
________________________________________________________ 
136 
approximately 0.0304 and 0.0007 minute
-1
 based on Lagregren and Ho models 
(the value of Lk  and Hk  written in Chapter 3). As revealed in Figure 7.2, Muslim 
model-based result still has the same trend with the one by experiment, Lagergren 
and Ho models. The equilibrium of trithionate adsorbed on resin based on Muslim 
model is approximately 248.078 g trithionate/ kg dry resin which lower than the 
others (257.950, 257.921 and 253.402 g trithionate/ kg dry resin based on 
experiment, Lagergren and Ho models). Muslim model-based results on 
trithionate adsorbed on resin has a very good agreement with the experiment-
based result with the R
2 
being approximately 0.996. 
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Figure 7.2 Kinetics adsorption of trithionate based on experiment, 
Lagergren, Ho and Muslim models 
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Similarly, Muslim model-based result on tetrathionate fits well with the 
experiment-based result as revealed in Figure 7.3, with the R
2 
being 
approximately 0.991 which is the same value with the R
2 
of Lagergren model-
based result. The rate constant of tetrathionate adsorption based on Muslim, Mk  is 
approximately 0.0199 minute
-1 
which is close to the one by Lagergren model of 
approximately 0.0205 minute
-1
. 
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Figure 7.3 Kinetics adsorption of trithionate based on experiment, 
Lagergren, Ho and Muslim models 
 
Figure 7.4 shows a very interesting profile on the NARS systems with the initial 
concentration of gold thiosulfate in solution being 100 mg/L and 0.333 g resin. 
The concentration of gold thiosulfate in solution over time based on ICP-OES 
  
Chapter 7 
________________________________________________________ 
138 
analysis is listed in Table E.1 of Appendix E. As clearly shown in Figure 7.4, both 
Muslim and Lagergren models results fit very well with the experiment-based 
result with the R
2 
being approximately 0.999. As expected, the rate constant of 
gold thiosulfate based on Muslim model, Mk  being approximately 0.0331 minute
-
1 
is typically the same as the one by Lagergren model, Lk  being approximately 
0.0333 minute
-1
. Meanwhile, Ho model-based result yields the R
2 
being 
approximately 0.913 with the Hk  being approximately 0.002 minute
-1
. 
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Figure 7.4 Kinetics adsorption of gold thiosulfate based on experiment, 
Lagergren, Ho and Muslim models 
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From the results and discussion on the kinetics adsorption of each species 
adsorbed on resin in the NARS systems, the pseudo-first-order models of 
Lagergren and Muslim dynamic model of kinetics adsorption is a much 
acceptable method to present the loading of species especially gold thiosulfate 
onto the strong based anion exchange resin of Purolite A500/2788. 
 
 
7.4.2 Model-based Equilibrium Adsorption Isotherm for 
Freundlich Parameters 
  
The initial concentrations of thiosulfate, trithionate and tetrathionate in range of 0-
3 mM were applied in the experiment and modelling works of equilibrium 
adsorption. The equilibrium concentration of species in solution, eC  and the 
equilibrium concentration of species on resin, eQ  based on the experiments are 
shown in Table 3.5 of Chapter 3. Levenberg-Marquardt method (Williams et al. 
2002) was also used to minimize the sum of weighted deviation square between 
the experiment-based AE  and Muslim model-based AE . The function is 
expressed as Equation (7.15): 
 
3
2
.
0
( , )
S
S
AE Exp X M S A
X
WD AE AE X C                         (7.15) 
 
where AEWD  is the sum of weighted deviation square between the experimental 
results and model results associated with the AE  value; AEWD is minimized, so 
that 0AEWD subjected to the constants of AC > 0; . SExp XAE  and 
( , )M S AAE X C  are the AE values based on experiment and Muslim model, 
respectively. Using the rate constant of each species in the previous results and the 
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Levenberg-Marquardt-based optimised AC  value for thiosulfate, trithionate and 
tetrathionate being 1.0081, 1.3007 and 1.2500 respectively, Freundlich isotherm 
of the species was worked out using Muslim models of Equations (7.8), (7.10), 
(7.12) and (7.13). The results are compared with the ones by experiment. Figure 
7.5 shows one of the results wherein the graph slopes and intercepts presenting 
1/ n  and ln( )FK , respectively associated with the Freundlich isotherm, Equation 
(3.20) in Chapter 3. 
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Figure 7.5 Freundlich isotherm of thiosulfate based on the experiment and 
Muslim model 
 
As shown by the fitting equations in Figure 7.5 with R
2
 being approximately 
0.977 (experimental result) and 0.986 (Muslim model-based result), Muslim 
model gives a more reasonable adsorption isotherm profile compared to the one 
by experiment. The Freundlich over-all adsorption capacity, KF is approximately 
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116.245 g thiosulfate/ kg dry resin based on Muslim model, and it is about 
110.465 g thiosulfate/ kg dry resin based on the experiment. The adsorption 
intensity, n is approximately 13.568 based on Muslim model, and it is about 
11.223 based on the experiment. 
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Figure 7.6 Freundlich isotherm of trithionate based on experiment and 
Muslim model 
 
The KF values for trithionate and tetrathionate which are obtained from the 
intercept in Figures 7.6 and 7.7, are approximately 182.418 and 204.384 g 
species/ kg dry resin, respectively based on Muslim model. These numbers are 
higher than the thiosulfate KF. Meanwhile, the experiment-based KF values are 
181.508 and 205.449 g species/ kg dry resin, respectively which are typically the 
same as the ones by Muslim model. The n values based on Muslim model for 
trithionate and tetrathionate which are obtained from the slopes in Figures 7.6 and 
7.7, are approximately 16.639 and 14.347, respectively. 
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Figure 7.7 Freundlich isotherm of tetrathionate based on experiment and 
Muslim model 
 
From the n values, it is clearly shown that trithionate is adsorbed more on the 
resin compared to the other species. 
 
 
7.4.3 Model-based Equilibrium Adsorption Isotherm for 
Langmuir Parameters 
  
As can be obtained from the slope of Langmuir fit y = 0.0057x + 0.012, the 
maximum amount of thiosulfate adsorbed on the resin ( mQ  written in Equation 
(3.19)) is approximately 172.418 g thiosulfate/ kg dry resin which is 1.724 % 
higher than the one by the experiment of 169.492 g thiosulfate/ kg dry resin. The 
Muslim model-based Langmuir adsorption equilibrium constant KL for thiosulfate 
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is approximately 0.483 L solution/ g thiosulfate, which is calculated from the 
intercept of the Langmuir fit. 
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Figure 7.8 Langmuir isotherm of thiosulfate based on experiment and 
Muslim model 
 
Interestingly, the slopes of Langmuir fit based on Muslim model and the 
experiment are the same as shown in Figure 7.9, and this results in the same 
maximum amount of trithionate adsorbed on resin which is approximately 
256.410 g trithionate/ kg dry resin. The Muslim model-based adsorption 
equilibrium constant trithionate’s adsorption equilibrium constant is 
approximately 0.619 L solution/ g trithionate, which is 11.111 % lower than the 
one by the experiment. 
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Figure 7.9 Langmuir isotherm of trithionate based on experiment and 
Muslim model 
 
The Muslim model-based maximum amount of tetrathionate adsorbed on resin is 
approximately 303.031 g tetrathionate/ kg dry resin which 3.030 % lower than the 
one by experiment of 312.500 g tetrathionate/ kg dry resin. Meanwhile, the 
adsorption equilibrium constant for tetrathionate based on Muslim model is 
approximately 0.943 L solution/ g tetrathionate, obtained from the intercept of the 
Langmuir fit, y = 0.0032x + 0.0035 shown in Figure 7.10. As expected, the 
adsorption equilibrium constant for trithionate is higher than the tetrathionate’s 
value meaning that more trithionate is adsorbed than tetrathionate and thiosulfate. 
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Figure 7.10 Langmuir isotherm of tetrathionate based on experiment and 
Muslim model 
 
The modelling results on Freundlich and Langmuir isotherms show the reliable 
Muslim model to obtain the equilibrium adsorption isotherm parameters in the 
previous discussion. Therefore, the equilibrium isotherm adsorption parameters of 
Freundlich and Langmuir using Muslim model is reliable. The initial 
concentration of gold thiosulfate applied is in the range of 150-1000 mg/L with 
the Levenberg-Marquardt-based optimised AC  value being 1.3007. From the 
model simulation on Freundlich isotherm, the KF value for gold thiosulfate is 
approximately 249.935 g gold thiosulfate/ kg dry resin with the n values being 
13.793. Meanwhile, for the parameters of Langmuir isotherm, mQ  is 
approximately 322.581 g gold thiosulfate/ kg dry resin with the KL value being 
0.579 L solution/ g gold thiosulfate. 
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7.5 Conclusions 
 
Dynamic models representing the adsorption kinetics and equilibrium of 
thiosulfate, trithionate, tetrathionate and gold thiosulfate in non-ammoniacal resin-
solution (NARS) system are mechanistically developed. A set of data from the 
NARS experiment with commercial strong based anion exchange resin of Purolite 
A500/2788 are taken into account. 
 
As a result on the proposed kinetics model, the rate constants are obtained which 
are 0.0579, 0.0359, 0.0199 and 0.0331 minutes
-1 
for thiosulfate, trithionate, 
tetrathionate and gold thiosulfate, respectively the correlation coefficient, R
2
 is 
approximately 0.998, 0.996, 0.991 and 0.999, respectively. The results also show 
that Muslim dynamic model of kinetics adsorption is an acceptable method to 
present the loading of species especially gold thiosulfate onto the strong based 
anion exchange resin. 
 
Using the rate constants and the proposed equilibrium model, parameters in the 
Langmuir and Freundlich equilibrium isotherms for the adsorption of thiosulfate, 
trithionate, tetrathionate and gold thiosulfate on resin were obtained and listed in 
Table 7.2. 
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Table 7.2. Equilibrium adsorption isotherm parameters of Langmuir and 
Freundlich obtained by Muslim model simulation 
Species 
Langmuir Fitting  Freundlich Fitting 
Resin 
capacity, 
Qm (g/kg) 
Equilibrium 
constant, 
KL (L/g) 
Resin 
capacity, 
KF  (g/kg) 
Adsorption 
intensity, 
n 
Thiosulfate 172.418 0.483 116.245 13.568 
Trithionate 256.410 0.619 182.418 16.638 
Tetrathionate 303.031 0.943 204.384 14.347 
Gold Thiosulfate 322.581 0.579 249.935 13.793 
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CHAPTER 8 
Conclusions and Recommendations 
 
8.1 Conclusions 
 
Experimental and modelling work for gold thiosulfate leaching system have been 
conducted. The adsorption of thiosulfate, polythionates, gold thiosulfate and 
copper complexes in gold thiosulfate leaching has been investigated. The 
experimental procedures, speciation method, and the results highlighting the 
adsorption of thiosulfate, polythionates, gold thiosulfate and copper complexes on 
strong based anion exchange resin of Purolite A500/2788 in the resin-solution 
systems were systematically described with the results concisely discussed. 
 
The reaction mechanisms describing the kinetics and equilibrium adsorption 
phenomena of thiosulfate, polythionates, gold thiosulfate and copper complexes 
are proposed with the parameters in single component and multiple components 
of resin-solution systems. The results for the multiple components of non-
ammoniacal resin-solution (NARS) systems show that the more thiosulfate 
concentration in solution at equilibrium, the greater the amount of gold thiosulfate 
adsorbed on the resin, and the degradation of thiosulfate does not occur in the 
systems. Gold thiosulfate loading increases by diminishing the polythionates 
concentration in the solution. Increasing the trithionate concentration in solution 
results in the greater amount of gold thiosulfate adsorbed on the resin. Thiosulfate, 
polythionates and gold thiosulfate are simultaneously adsorbed on the resin and 
compete with one another to occupy the available charge on the resin with the 
proposed equilibrium constants for the gold extraction of thiosulfate leaching. 
 
To increase the total copper complexes adsorbed on the resin in the multiple 
components resin-solution systems suggests, degassing the systems with nitrogen 
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is needed. The total copper complexes adsorbed on the resin decreases 
exponentially with the increase of thiosulfate concentration in solution. Increasing 
ammonia and the solution pH in the solution results in the decreasing of total 
copper complexes on the resin. The same profiles are also shown in modelling 
work wherein the model-based results are in good agreement with the 
experimental-based results. In addition, the equilibrium constants associated with 
the proposed reactions in the systems for copper thiosulfate complexes are also 
established with the most dominant copper complexes species in solution and on 
the resin. It is noticed that much better adsorption isotherm of copper on the resin 
is determined by the experimental and modelling work for the systems without the 
addition of ammonia solution. 
 
The kinetics and equilibrium models are mechanistically developed in line with 
the reaction mechanisms, and the models are solved analytically and numerically. 
The common kinetics and equilibrium adsorption of Lagergren, Ho, Langmuir and 
Freundlich equations are also taken into account for comparison with the 
developed models. Consequently, the kinetics and equilibrium constants and the 
adsorption intensity for the gold extraction of thiosulfate leaching are established. 
Overall, the model based results are in good agreement with experimental and the 
Lagergren, Ho, Langmuir and Freundlich equations. 
 
Finally, the investigations on the adsorption of thiosulfate, polythionates, gold 
thiosulfate and copper complexes in gold thiosulfate leaching highlights the 
prospect of non-ammoniacal resin-solution (NARS) systems in gold extraction 
using thiosulfate reagent for application. 
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8.2 Recommendations 
 
In this thesis, the experimental and modelling work for the adsorption of 
thiosulfate, polythionates, gold thiosulfate and copper complexes in gold 
thiosulfate leaching have been done in batch systems. Small scale of volumetric 
flasks and vials/bottles for the loading and stripping were also used for the 
experiment. Therefore, it would be worthwhile to conduct the experimental work 
in future projects of gold thiosulfate leaching for continuous process with larger 
scale of typical flasks and vials/bottles to practically present continuous stirred 
tank reactors (CSTRs) in pilot scale. 
 
Multiple CSTRs in series and pilot scale to be used in the experiment and 
modelling work of gold thiosulfate leaching are also strongly recommended for 
future projects to accommodate the need of Resin-in-Pulp (RIP) and Resin-in 
Leach (RIL) in gold extraction using thiosulfate reagent. 
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APPENDIX A 
 
 
Appendix A contains additional information for the single component resin-
solution systems (Chapter 3). 
 
 
 
 
Figure A.1 Flowchart of kinetics experiment for the adsorption 
 
Note:  
All the experiments were conducted at the neutral pH and the ambient temperature 
(~23 C). The HPLC was used for the analysis of thiosulfate and polythionates, 
the ICP-OES was used for the analysis of gold thiosulfate. 
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Figure A.2 Flowchart of equilibrium experiment for the adsorption 
 
 
Note:  
All the experiments were conducted at the neutral pH and the ambient temperature 
(~23 C). The HPLC was used for the analysis of thiosulfate and polythionates, 
the ICP-OES was used for the analysis of gold thiosulfate. 
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Figure A.3 An example of the HPLC chromatogram for the thiosulfate peak 
retention time and wavelength of UV adsorption 
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APPENDIX B 
 
 
Appendix B contains additional information for the multiple components resin-
solution systems (Chapter 4). 
 
Table B.1 The equilibrium loading of thiosulfate, trithionate, tetrathionate 
and pentathionate on resin for the calculated equilibrium constant of 
pentathionate loading over tetrathionate 
Experiment 1 2 3 4 5 
Thiosulfate           
Init Concentration (mM) 1.579 1.577 1.541 1.549 1.531 
Equil Concentration in Sol. (mM) 1.458 1.463 1.370 1.397 1.416 
Equil Concentration on Resins (mM) 32.207 30.718 46.503 40.947 30.880 
Trithionate           
Init Concentration (mM) 1.314 1.305 1.300 1.297 1.299 
Equil Concentration in Sol. (mM) 0.765 0.768 0.763 0.758 0.755 
Equil Concentration on Resins (mM) 146.264 145.632 146.051 145.269 145.859 
Tetrathionate           
Init Concentration (mM) 2.519 2.518 2.542 2.547 2.541 
Equil Concentration in Sol. (mM) 1.379 1.390 1.397 1.388 1.392 
Equil Concentration on Resins (mM) 303.696 304.912 311.106 311.988 308.610 
Pentathionate           
Init Concentration (mM) 0.959 0.957 0.881 0.882 0.878 
Equil Concentration in Sol. (mM) 0.417 0.4200 0.382 0.381 0.381 
Equil Concentration on Resins (mM) 144.208 145.519 135.665 134.960 133.397 
K Tetrathionate-R + Pentathionate =           
Pentathionate-R + Tetrathionate 1.569 1.580 1.597 1.578 1.580 
 
 
Note:  
The concentration units for all the species in solution and on resin are taken as 
mmol/L of either solution or dry resin, which for simplicity is designed mM in 
both cases. 
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Table B.2 The concentration of gold thiosulfate based on ICP-OES analysis 
for the NARS system with 5 mM thiosulfate and trithionte, 0.2-10 mg/L gold 
thiosulfate and 5 g resin 
 
Analytical Chemistry Unit  
Analyst:   SY Job No: 8501   
Date: 29/10/2007 File No: rep8501   
          
Job Code : LV44D ICP-OES     
          
      
Concentration 
[mg/L] 
Sample ID LabID Sample Info. Analysis Corrected 
G0 11 8291/1 0.2Au t=0 0.238 0.262 
G0 12 8291/2 0.4Au t=0 0.436 0.480 
G0 13 8291/3 0.6Au t=0 0.648 0.713 
G014 8291/7 2Au t=0 1.841 2.025 
G015 8291/8 5Au t=0 4.644 5.109 
G016 8291/9 10Au t=0 9.524 10.476 
G5 11 8291/4 0.2Au t=5 0.040 0.044 
G5 12 8291/5 0.4Au t=5 0.058 0.064 
G5 13 8291/6 0.6Au t=5 0.084 0.093 
G5 14 8291/10 2Au t=5 0.234 0.258 
G5 15 8291/11 5Au t=5 0.587 0.645 
G5 16 8291/12 10Au t=5 1.238 1.362 
G1 21 8291/13 0.2Au S1 0.666 0.733 
G1 22 8291/14 0.4Au S1 1.349 1.484 
G1 23 8291/15 0.6Au S1 2.125 2.337 
G1 24 8291/19 2Au S1 6.252 6.877 
G1 25 8291/20 5Au S1 15.2 16.715 
G1 26 8291/21 10Au S1 31.5 34.683 
G2 21 8291/16 0.2Au S2 0.037 0.041 
G2 22 8291/17 0.4Au S2 0.021 0.023 
G2 23 8291/18 0.6Au S2 0.036 0.039 
G2 24 8291/22 2Au S2 0.245 0.269 
G2 25 8291/23 5Au S2 0.215 0.237 
G2 26 8291/24 10Au S2 0.384 0.422 
 
Note:  
The concentrations of gold thiosulfate based on ICP-OES analysis were corrected 
since the 10 mL samples were added with 1 mL NaCN (0.0176M) to convert the 
gold thiosulfate complex to the more stable gold cyanide complex. 
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Table B.3 The speciation of thiosulfate, polythionates and gold thiosulfate for 
the NARS system with the synthetic polythionates mixture solution, 0.2-10 
mg/L gold thiosulfate and 5 g resin 
 
  Initial Concentrations 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 0.232 1.591 1.310 2.522 
2 0.446 1.578 1.314 2.519 
3 1.099 1.577 1.305 2.516 
4 2.185 1.541 1.300 2.542 
5 5.448 1.549 1.297 2.547 
6 10.848 1.531 1.298 2.541 
  Equilibrium Concentrations 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 0.077 1.463 0.765 1.383 
2 0.137 1.458 0.765 1.378 
3 0.331 1.463 0.768 1.390 
4 0.662 1.370 0.763 1.397 
5 1.588 1.397 0.758 1.388 
6 3.236 1.416 0.755 1.392 
  Loading-based Concentrations on Resin 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 0.154 26.742 140.030 302.014 
2 0.309 25.318 141.681 304.594 
3 0.768 25.271 142.668 305.554 
4 1.523 24.698 146.066 299.818 
5 3.860 22.692 139.639 302.578 
6 7.611 21.626 140.663 301.124 
  Stripping-based Concentrations on Resin 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 37.091 34.255 145.766 304.304 
2 76.095 32.207 146.264 303.696 
3 189.612 30.718 145.632 304.912 
4 388.692 46.503 146.051 311.106 
5 963.999 40.947 145.269 311.988 
6 1945.137 30.880 145.859 308.609 
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Table B.4 The concentration of gold thiosulfate based on ICP-OES analysis 
for the NARS system with the synthetic polythionates mixture solution with 
0.2-10 mg/L gold thiosulfate and 5 g resin 
 
Analytical Chemistry Unit  
Analyst:   SY Job No: 8551   
Date: 20/03/2008 File No: rep8551   
          
Job Code : LV44D ICP-OES     
          
      Concentration [mg/L] 
Sample ID LabID Sample Info. Analysis Corrected 
P01 8551/1 0.2Au t=0 0.210 0.232 
P02 8551/2 0.4Au t=0 0.405 0.446 
P03 8551/3 1Au t=0 0.999 1.099 
P1 8551/4 0.2Au t=5 0.070 0.077 
P2 8551/5 0.4Au t=5 0.125 0.137 
P3 8551/6 1Au t=5 0.301 0.331 
P4 8551/7 0.2Au S1 0.472 0.519 
P5 8551/8 0.4Au S1 1.014 1.115 
P6 8551/9 1Au S1 2.515 2.766 
P7 8551/10 0.2Au S2 0.033 0.036 
P8 8551/11 0.4Au S2 0.025 0.028 
P9 8551/12 1Au S2 0.030 0.034 
P010 8551/13 2Au t=0 1.987 2.185 
P011 8551/14 5Au t=0 4.953 5.448 
P012 8551/15 10Au t=0 9.862 10.848 
P10 8551/16 2Au t=5 0.602 0.662 
P11 8551/17 5Au t=5 1.444 1.588 
P12 8551/18 10Au t=5 2.942 3.236 
P13 8551/19 2Au S1 5.094 5.603 
P14 8551/20 5Au S1 12.854 14.139 
P15 8551/21 10Au S1 26.086 28.694 
P16 8551/22 2Au S2 0.106 0.117 
P17 8551/23 5Au S2 0.163 0.180 
P18 8551/24 10Au S2 0.249 0.274 
 
Note:  
The concentrations of gold thiosulfate based on ICP-OES analysis were corrected 
since the 10 mL samples were added with 1 mL NaCN (0.0176M) to convert the 
gold thiosulfate complex to the more stable gold cyanide complex. 
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Table B.5 The speciation of thiosulfate, polythionates and gold thiosulfate for 
the NARS system with 100 mM thiosulfate, 0.2-100 mg/L gold thiosulfate and 
5 g resin 
 
  Initial Concentrations 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 0.218 100   
2 0.425 100   
3 0.958 100   
4 2.187 100   
5 5.358 100   
6 10.720 100   
  Equilibrium Concentrations 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 0.023 97.807   
2 0.028 98.303   
3 0.040 98.008   
4 0.082 97.372   
5 0.156 97.223   
6 0.308 97.167   
  Loading-based Concentrations on Resin 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 0.195 620.904   
2 0.396 618.294   
3 0.917 618.323   
4 2.105 620.143   
5 5.202 610.849   
6 10.412 617.544   
  Stripping-based Concentrations on Resin 
Batch Num. Gold S2O3
2-
 S3O6
2-
 S4O6
2-
 
  (mg/L) (mM) (mM) (mM) 
1 50.806 584.400     
2 95.983 462.621     
3 236.159 538.116     
4 474.480 703.696     
5 1189.735 746.863     
6 2418.255 765.206     
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Table B.6 The concentration of gold thiosulfate based on ICP-OES analysis 
for the NARS system with 100 mM thiosulfate, 0.2-10 mg/L gold thiosulfate 
and 5 g resin 
 
Analytical Chemistry Unit  
Analyst:   SY Job No: 8524   
Date: 15/02/2008 File No: rep8524   
          
Job Code : LV44D ICP-OES     
          
      Concentration [mg/L] 
Sample ID LabID Sample Info. Analysis Corrected 
G  01 8524/1 0.2Au t=0 0.198 0.218 
G 02 8524/2 0.4Au t=0 0.386 0.425 
G 03 8524/3 1Au t=0 0.871 0.958 
G 1 8524/4 0.2Au t=5 0.021 0.023 
G 2 8524/5 0.4Au t=5 0.026 0.028 
G 3 8524/6 1Au t=5 0.037 0.040 
G 4 8524/7 0.2Au S1 0.671 0.738 
G 5 8524/8 0.4Au S1 1.247 1.372 
G 6 8524/9 1Au S1 3.126 3.439 
G 7 8524/10 0.2Au S2 0.022 0.024 
G 8 8524/11 0.4Au S2 0.033 0.036 
G 9 8524/12 1Au S2 0.052 0.058 
G 010 8524/13 2Au t=0 1.988 2.187 
G 011 8524/14 5Au t=0 4.871 5.358 
G 012 8524/15 10Au t=0 9.745 10.720 
G 10 8524/16 2Au t=5 0.075 0.082 
G 11 8524/17 5Au t=5 0.142 0.156 
G 12 8524/18 10Au t=5 0.280 0.308 
G 13 8524/19 2Au S1 6.357 6.993 
G 14 8524/20 5Au S1 15.902 17.492 
G 15 8524/21 10Au S1 32.289 35.517 
G 16 8524/22 2Au S2 0.086 0.094 
G 17 8524/23 5Au S2 0.184 0.203 
G 18 8524/24 10Au S2 0.268 0.295 
 
Note:  
The concentrations of gold thiosulfate based on ICP-OES analysis were corrected 
since the 10 mL samples were added with 1 mL NaCN (0.0176M) to convert the 
gold thiosulfate complex to the more stable gold cyanide complex. 
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Table B.7 The concentration of gold thiosulfate based on ICP-OES analysis 
for the reaction of trithionate in the NARS system with 10 mg/L initial gold 
thiosulfate and 5 g resin 
 
Analytical Chemistry Unit  
Analyst:   SY Job No: 9439   
Date: 9/03/2009 File No: Rep9439   
          
Job Code : R-580-3-4 ICP-OES     
          
      Concentration [mg/L] 
Sample ID LabID Sample Info. Analysis Corrected 
L01 9439/1 2.528Tri, t=0 9.070 9.977 
L02 9439/2 2.830Tri, t=0 9.148 10.063 
L03 9439/3 3.286Tri, t=0 9.146 10.061 
L04 9439/4 4.132Tri, t=0 9.083 9.991 
L05 9439/5 5.625Tri, t=0 9.203 10.123 
L06 9439/6 7.390Tri, t=0 9.121 10.033 
L07 9439/7 10.427Tri, t=0 9.107 10.018 
L08 9439/8 14.508Tri, t=0 9.086 9.994 
L51 9439/9 2.528Tri, t=5 0.198 0.218 
L52 9439/10 2.830Tri, t=5 0.268 0.295 
L53 9439/11 3.286Tri, t=5 0.447 0.492 
L54 9439/12 4.132Tri, t=5 0.880 0.969 
L55 9439/13 5.625Tri, t=5 1.771 1.948 
L56 9439/14 7.390Tri, t=5 2.692 2.962 
L57 9439/15 10.427Tri, t=5 3.931 4.324 
L58 9439/16 14.508Tri, t=5 5.015 5.516 
S1 1 9439/17 2.528Tri, t=S1 36.391 40.030 
S1 2 9439/18 2.830Tri, t=S1 36.195 39.814 
S1 3 9439/19 3.286Tri, t=S1 35.411 38.953 
S1 4 9439/20 4.132Tri, t=S1 33.734 37.108 
S1 5 9439/21 5.625Tri, t=S1 30.167 33.184 
S1 6 9439/22 7.390Tri, t=S1 26.147 28.762 
S1 7 9439/23 10.427Tri, t=S1 20.936 23.030 
S1 8 9439/24 14.508Tri, t=S1 16.262 17.888 
S2  1 9439/25 2.528Tri, t=S2 0.413 0.454 
S2  2 9439/26 2.830Tri, t=S2 0.336 0.370 
S2  3 9439/27 3.286Tri, t=S2 0.310 0.341 
S2  4 9439/28 4.132Tri, t=S2 0.259 0.285 
S2  5 9439/29 5.625Tri, t=S2 0.228 0.250 
S2  6 9439/30 7.390Tri, t=S2 0.197 0.217 
S2  7 9439/31 10.427Tri, t=S2 0.164 0.181 
S2  8 9439/32 14.508Tri, t=S2 0.135 0.148 
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Table B.8 The speciation of trithionate and gold thiosulfate for the reaction 
of trithionate with gold thiosulfate in the NARS system with 10 mg/L initial 
gold thiosulfate and 5 g resin 
 Initial Concentrations 
Batch Num. Gold (mM) S2O3
2-
 (mM) S3O6
2-
 (mM) S4O6
2-
 (mM) 
      1 0.0506  2.528  
2 0.0511  2.830  
3 0.0511  3.286  
4 0.0507  4.132  
5 0.0514  5.625  
6 0.0509  7.390  
7 0.0509  10.427  
8 0.0507  14.508  
  Equilibrium Concentrations 
Batch Num. Gold (mM) S2O3
2-
 (mM) S3O6
2-
 (mM) S4O6
2-
 (mM) 
      
1 0.0011  0.681  
2 0.0015  0.936  
3 0.0025  1.357  
4 0.0049  2.169  
5 0.0099  3.781  
6 0.0150  5.493  
7 0.0220  8.710  
8 0.0280  12.021  
  Loading-based Concentrations on Resin 
Batch Num. Gold (mM) S2O3
2-
 (mM) S3O6
2-
 (mM) S4O6
2-
 (mM) 
      1 11.2103  417.921  
2 11.9700  457.260  
3 10.6113  421.324  
4 10.1837  436.499  
5 10.5663  469.726  
6 9.6281  508.796  
7 6.9921  415.244  
8 5.8066  635.259  
  Stripping-based Concentrations on Resin 
Batch Num. Gold (mM) S2O3
2-
 (mM) S3O6
2-
 (mM) S4O6
2-
 (mM) 
      
1 11.6836  407.757  
2 12.3721  448.637  
3 10.9481  417.937  
4 10.6046  436.686  
5 10.8577  551.877  
6 9.9134  587.341  
7 7.1612  526.294  
8 5.8757  547.046  
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APPENDIX C 
 
 
Appendix C contains additional information for the multiple components resin-
solution systems (Chapter 5). 
 
 
(a) 
 
(b) 
Figure C.1 Copper samples for ICP-OES analysis after 5 days with (a) 1 mL 
NaCN (0.0167 M) and (b) 2 mL NaCN (0.0167 M) 
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Table C.1 The concentration of gold thiosulfate based on ICP-OES analysis 
for the system with 25-100 mM thiosulfate, 5 mM trithionate, 2 mM copper 
(II), 5 g resin and the absence of ammonia 
 
Analytical Chemistry Unit  
Analysts:   BL & MC Job No: 
9740 
9783   
Date: 
7/07/2009 
22/07/2009 File No: 
rep9740 
rep9783   
          
Job Code : R-580-3-4 ICP-OES     
          
      
Concentration 
[mg/L] 
Sample ID LabID Sample Info. Analysis Corrected 
1 9740/1 2Cu, 7.6T t=0 109.585 131.502 
2 9783/1 2Cu, 9.5T t=0 114.771 137.725 
3 9783/3 2Cu, 46.7T t=0 112.771 135.325 
4 9740/3 2Cu,116.6T t=0 109.441 131.329 
5 9783/5 2Cu, 143.1T t=0 109.242 131.090 
6 9783/6 2Cu, 355.2T t=0 103.259 123.910 
7 8291/4 2Cu, 7.6T t=2 73.342 88.010 
8 9783/7 2Cu, 9.5T t=2 80.607 96.729 
9 9783/9 2Cu, 46.7T t=2 92.977 111.573 
10 9740/6 2Cu,116.6T t=2 94.958 113.950 
11 9783/11 2Cu, 143.1T t=2 103.241 123.890 
12 9783/12 2Cu, 355.2T t=2 100.700 120.840 
13 9740/7 2Cu, 7.6T S1 97.774 117.329 
14 9783/13 2Cu, 9.5T S1 79.159 94.991 
15 9783/15 2Cu, 46.7T S1 49.417 59.300 
16 9740/9 2Cu,116.6T S1 39.172 47.007 
17 9783/17 2Cu, 143.1T S1 17.988 21.586 
18 9783/18 2Cu, 355.2T S1 3.927 4.713 
19 9740/10 2Cu, 7.6T S2 0.930 1.116 
20 9783/19 2Cu, 9.5T S2 0.233 0.280 
21 9783/21 2Cu, 46.7T S2 0.146 0.175 
22 9740/12 2Cu,116.6T S2 1.000 1.200 
23 9783/23 2Cu, 143.1T S2 0.059 0.071 
24 9783/24 2Cu, 355.2T S2 0.029 0.034 
 
Note: 
The concentrations of copper based on ICP-OES analysis were corrected since the 
10 mL samples were added with 2 mL NaCN (0.0176M) 
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Table C.2 The concentration of gold thiosulfate based on ICP-OES analysis 
for the system with 20 and 100 mM thiosulfate, 5 mM trithionate, 2 mM 
copper (II), 5 g resin and 0-400 mM ammonia 
 
Analytical Chemistry Unit  
Analysts:   BL,  MC % SY Job No: 
9740 
9748 
9783 
9814 
9945   
Date: 
7/07/2009 
9/09/2009 
22/07/2009 
31/07/2009 
21/08/2009 File No: 
rep9740 
rep9748 
rep9783 
rep9814 
rep9945   
     
Job Code : R-580-3-4 ICP-OES     
     
      
Concentration 
[mg/L] 
Sample ID LabID Sample Info. Analysis Corrected 
1 9945/1 2Cu, 20T, 0A, t=0 103.433 124.120 
2 9814/1 2Cu, 20T, 50A, t=0 105.021 126.025 
3 9814/2 2Cu, 20T, 200A, t=0 103.873 124.648 
4 9814/3 2Cu, 20T, 400A, t=0 103.853 124.624 
5 9945/3 2Cu, 100T, 0A, t=0 105.054 126.064 
6 9748/3 2Cu, 100T, 50A, t=0 102.561 123.073 
7 9748/4 2Cu, 100T, 200A, t=0 101.851 122.222 
8 9748/5 2Cu, 100T, 400A, t=0 102.759 123.311 
9 9945/4 2Cu, 20T, 0A, t=2 71.547 85.857 
10 9814/5 2Cu, 20T, 50A, t=2 86.359 103.631 
11 9814/6 2Cu, 20T, 200A, t=2 90.740 108.888 
12 9814/7 2Cu, 20T, 400A, t=2 93.906 112.687 
13 9945/6 2Cu, 100T, 0A, t=2 87.933 105.520 
14 9748/8 2Cu, 100T, 50A, t=2 89.287 107.145 
15 9748/9 2Cu, 100T, 200A, t=2 91.840 110.208 
16 9748/10 2Cu, 100T, 400A, t=2 94.651 113.581 
17 9945/7 2Cu, 20T, 0A, S1 89.484 107.381 
18 9814/9 2Cu, 20T, 50A, S1 47.118 56.541 
19 9814/10 2Cu, 20T, 200A, S1 34.156 40.987 
20 9814/11 2Cu, 20T, 400A, S1 28.604 34.325 
21 9945/9 2Cu, 100T, 0A, S1 43.342 52.010 
22 9748/13 2Cu, 100T, 50A, S1 33.714 40.456 
23 9748/14 2Cu, 100T, 200A, S1 26.456 31.748 
24 9748/15 2Cu, 100T, 400A, S1 21.983 26.380 
25 9945/10 2Cu, 20T, 0A, S2 0.298 0.358 
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Sample ID LabID Sample Info. Analysis Corrected 
26 9814/13 2Cu, 20T, 50A, S2 0.258 0.310 
27 9814/14 2Cu, 20T, 200A, S2 0.315 0.378 
28 9814/15 2Cu, 20T, 400A, S2 0.335 0.402 
29 9945/12 2Cu, 100T, 0A, S2 0.117 0.141 
30 9748/18 2Cu, 100T, 50A, S2 0.095 0.115 
31 9748/19 2Cu, 100T, 200A, S2 0.078 0.093 
32 9748/20 2Cu, 100T, 400A, S2 0.071 0.085 
 
Note: 
The concentrations of copper based on ICP-OES analysis were corrected since the 
10 mL samples were added with 2 mL NaCN (0.0176M) 
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APPENDIX D 
 
Appendix D contains additional information for the multiple components resin-solution system (Chapter 6). 
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Table D.1 The Jacobian matrix of Newton-Raphson method for modelling copper complexes species in the system 
 
     
Column-i  
(1-19)     
1 2 3 4 5 6 7 8 9 10 
1 -1 0 0 0 0 0 0 0 0 
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11 12 13 14 15 16 17 18 19 
Row-i 
(1-19) 
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Tables D.2 An example of Newton-Raphson application to obtain the D.2 plot in Figure 6.1 of Chapter 6 
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Table D.3 Model-based copper complexes species on resin for different equilibrium concentration of thiosulfate 
in solution in the multiple component resin-solution system without ammonia 
 
Equilibrium Concentration 
Thiosulfate in Solution (mM) 7.607171001 9.513790386 35.92100079 116.1146572 141.3 353.25 
  
Copper Complexes on Resin Concentration (% M) 
[CuS2O3 
-
]-R 13.77933146 7.467067213 1.075203956 0.3263967 0.08876039 0.012785209 
[Cu(S2O3)2 
3-
]-R 58.5180965 57.4939147 43.11047085 28.7190535 13.93112803 3.539798174 
[Cu(S2O3)3 
5-
]-R 5.94185E-05 0.000105843 0.00041328 0.000604176 0.000522784 0.000234325 
[CuNH3S2O3 
-
]-R 6.60297E-07 3.67212E-07 5.37425E-08 1.63907E-08 4.54716E-09 7.0383E-10 
[CuNH3(S2O3)2 
3-
]-R 2.36043E-10 2.38001E-10 1.81384E-10 1.21398E-10 6.00755E-11 1.64032E-11 
Total 72.29748804 64.96108812 44.18608814 29.04605439 14.02041121 3.552817709 
  
Copper Complexes in Solution Concentration (% M) 
Cu
+
 2.09028E-07 6.32229E-08 1.94807E-09 2.75251E-10 3.90894E-11 2.65662E-12 
CuS2O3 
-
 2.452466236 1.31330848 0.169706394 0.05043715 0.014723997 0.002548168 
Cu(S2O3)2 
3-
 11.1944264 10.61350779 5.751642692 3.595601498 2.157709206 0.950881323 
Cu(S2O3)3 
5-
 13.75310167 23.08613003 50.46692252 67.99102053 84.10598885 95.50465908 
CuNH3 
+
 1.74477E-10 5.41582E-11 0.000906649 2.40771E-13 3.48821E-14 2.54749E-15 
Cu(NH3)2 
+
 8.57577E-15 2.73183E-15 8.6957E-17 1.24017E-17 1.83294E-18 1.43845E-19 
Cu(NH3)3 
+
 4.11915E-24 1.34661E-24 4.35667E-26 6.24245E-27 9.41221E-28 7.93742E-29 
CuNH3S2O3 
-
 7.78283E-06 4.27717E-06 5.61757E-07 1.67736E-07 4.9954E-08 9.2899E-09 
CuNH3(S2O3)2 
3-
 1.04842E-06 1.02011E-06 5.61878E-07 3.52896E-07 2.16042E-07 1.02308E-07 
Total 27.40000335 35.01295166 56.38917938 71.6370597 86.27842232 96.45808868 
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Table D.4 Model-based copper complexes species on resin for different initial concentration of ammonia in the multiple 
component resin-solution system 
Initial Concentration 0 50 200 400 
  
Copper Complexes on Resin Concentration (% M) 
[CuS2O3 
-
]-R 4.986383956 1.920231154 0.779073079 0.440115814 
[Cu(S2O3)2 
3-
]-R 56.57264228 29.87760094 17.42023142 11.16362176 
[Cu(S2O3)3 
5-
]-R 0.00015346 0.000111149 9.31293E-05 6.77035E-05 
[CuNH3S2O3 
-
]-R 2.47188E-07 3.388144248 5.589501668 6.340941794 
[CuNH3(S2O3)2 
3-
]-R 2.36068E-10 0.004437542 0.010520248 0.000270776 
Total 61.55917994 35.19052503 23.79941954 17.94501784 
  
Copper Complexes in 
Solution Concentration (% M) 
Cu
+
 2.89374E-08 9.20334E-09 3.06929E-09 1.61605E-09 
CuS2O3 
-
 0.868367591 0.295247541 0.101412878 0.054182207 
Cu(S2O3)2 
3-
 10.13788015 3.6849125 1.303611927 0.706736658 
Cu(S2O3)3 
5-
 27.39612569 12.3785014 4.510280421 2.481181575 
CuNH3 
+
 2.49876E-11 0.000282863 0.000383569 0.000405569 
Cu(NH3)2 
+
 1.27054E-15 0.511924133 2.822596634 5.993395615 
Cu(NH3)3 
+
 6.31325E-25 0.0090539 0.202980485 0.865528831 
CuNH3S2O3 
-
 2.85081E-06 34.49978522 48.18352538 51.69699291 
CuNH3(S2O3)2 
3-
 9.82226E-07 12.707417 18.27905718 19.90060187 
Total 38.40237729 64.08712458 75.40384847 81.69902524 
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Table D.5 The concentration of gold thiosulfate based on ICP-OES analysis 
for the system with 25-100 mM thiosulfate, 5 mM trithionate, 2 mM copper 
(II), 5 g resin and the absence of ammonia 
 
Analytical Chemistry Unit  
Analysts:   BL & MC Job No: 
9740 
9783   
Date: 
7/07/2009 
22/07/2009 File No: 
rep9740 
rep9783   
          
Job Code : R-580-3-4 ICP-OES     
          
      
Concentration 
[mg/L] 
Sample ID LabID Sample Info. Analysis Corrected 
1 9740/1 2Cu, 7.6T t=0 109.585 131.502 
2 9783/1 2Cu, 9.5T t=0 114.771 137.725 
3 9783/3 2Cu, 46.7T t=0 112.771 135.325 
4 9740/3 2Cu,116.6T t=0 109.441 131.329 
5 9783/5 2Cu, 143.1T t=0 109.242 131.090 
6 9783/6 2Cu, 355.2T t=0 103.259 123.910 
7 8291/4 2Cu, 7.6T t=2 73.342 88.010 
8 9783/7 2Cu, 9.5T t=2 80.607 96.729 
9 9783/9 2Cu, 46.7T t=2 92.977 111.573 
10 9740/6 2Cu,116.6T t=2 94.958 113.950 
11 9783/11 2Cu, 143.1T t=2 103.241 123.890 
12 9783/12 2Cu, 355.2T t=2 100.700 120.840 
13 9740/7 2Cu, 7.6T S1 97.774 117.329 
14 9783/13 2Cu, 9.5T S1 79.159 94.991 
15 9783/15 2Cu, 46.7T S1 49.417 59.300 
16 9740/9 2Cu,116.6T S1 39.172 47.007 
17 9783/17 2Cu, 143.1T S1 17.988 21.586 
18 9783/18 2Cu, 355.2T S1 3.927 4.713 
19 9740/10 2Cu, 7.6T S2 0.930 1.116 
20 9783/19 2Cu, 9.5T S2 0.233 0.280 
21 9783/21 2Cu, 46.7T S2 0.146 0.175 
22 9740/12 2Cu,116.6T S2 1.000 1.200 
23 9783/23 2Cu, 143.1T S2 0.059 0.071 
24 9783/24 2Cu, 355.2T S2 0.029 0.034 
 
Note:  
The concentrations of gold thiosulfate based on ICP-OES analysis were corrected 
since the 10 mL samples were added with 2 mL NaCN (0.0176M) to convert the 
gold thiosulfate complex to the more stable gold cyanide complex. 
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APPENDIX E 
 
 
Appendix E contains additional information for the non-ammoniacal resin-
solution system in Chapter 7. 
 
 
Table E.1 Kinetics isotherm adsorption of gold thiosulfate in solution based 
on ICP-OES analysis for the NARS system with the initial concentration of 
gold thiosulfate being 100 mg/L and 0.333 g resin 
 
Analytical Chemistry Unit  
Analysts:   BL Job No: 
 
9782   
Date: 
 
22/07/2009 File No: 
 
rep9782   
          
Job Code : R-580-3-4 ICP-OES     
          
      
Concentration 
[mg/L] 
Sample ID LabID Sample Info. Analysis Corrected 
1 9782/1 t=15 mins 5.419 59.611 
2 9782/2 t=30 mins 3.446 37.909 
3 9782/3 t=45 mins 2.091 23.005 
4 9782/4 t=60 mins 1.298 14.281 
5 9782/5 t=90 mins 0.374 4.119 
6 9782/6 t=120 mins 0.172 1.890 
7 9782/7 t=180 mins 0.030 0.330 
8 9782/8 t=300 mins 0.029 0.319 
 
Note:  
The concentrations of gold thiosulfate based on ICP-OES analysis were corrected 
since the 10 mL samples were added with 1 mL NaCN (0.0176M) to convert the 
gold thiosulfate complex to the more stable gold cyanide complex.  
